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Abstract
Tropical cyclone (TC) or typhoon wind hazard and risk are significant for China. The
return period value of the maximum typhoon wind speed is used to characterize the
typhoon wind hazard and assign wind load in building design code. Since the historical
surface observations of typhoon wind speed are often scarce and of short period, the
typhoon wind hazard assessment is often carried out using the wind field model and TC
track model. For a few major cities in the coastal region of mainland China, simple or
approximated wind field models and a circular subregion method (CSM) have been used
to assess the typhoon wind hazard in different studies. However, there are differences
among the values given by these studies and by the Chinese building design code.
Moreover, there is a lack of a TC full track model simulating the TC from genesis to lysis
developed for China. A TC full track model and a planetary wind field model (PBL) have
been applied to assess the hurricane wind hazard for the U.S. and used to update the U.S.
design code. This study finds this PBL wind field model is approximated and the effect of
such approximation on the estimated hurricane wind hazards needs to be investigated. By
using the best track dataset given by HURDAT, the TC full track model and a simplified
version are developed for the U.S. The performance of the simplified TC full track model
is verified and found to be comparable with the full version. For assessing the typhoon
wind hazard for China, the best track dataset released from China Meteorological
Administration (CMA) is used. The PBL wind field model is used with the CSM to assess
a few coastal cities of mainland China. The practice is extended to cover the whole region
of the southeast part of mainland China to develop the contour maps of the typhoon wind
hazards. By using the CMA best track dataset, a full track model is developed for the
western North Pacific basin. This full track model is combined again with the PBL wind
field model to assess the typhoon wind hazard for mainland China. The results obtained
by using the full track model are compared to those estimated by using CSM, by using
long term ground observations and tabulated in the Chinese building code.
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Chapter 1

1 Introduction
According to the World Meteorological Organization (WMO) Disaster Risk Reduction
Programme, various natural disasters caused loss of 1.94 million lives and 2.4 trillion US
dollars of property damage (http://www.wmo.int/pages/prog/drr/index_en.html accessed
on April, 2015). Among these disasters, storm and floods contributed 79% of the disasters
and caused 55% fatalities and 86% of economic losses. Tropical cyclones (TCs) can
cause strong winds, heavy rainfalls and storm surges. For Northern Hemisphere, a strong
TC affecting the US is known as hurricane; it is known as typhoon in several Asian
countries.
Many regions in Asia are exposed to the threat of the typhoon wind hazard and typhoon
induced hazards, such as storm surge, flood due to the heavy rainfall and typhoon
rainfall-induced landslides. Countries that face typhoon hazard suffer huge economic
losses. For example, Typhoon Haiyan occurred in 2013 that is recognized as one of the
most devastating typhoons ever recorded. Its highest recorded gust wind speed was about
315 km/h (Daniell et al. 2013). It caused more than 6000 deaths, 28689 injuries and 1061
missing persons in Philippine, where the economic loss caused by Haiyan was about $13
billion US dollars. The highest storm surge reached about 11 m (Mas et al. 2015). Storm
surge induced by Typhoon Haiyan prompted organizations, including the WMO, to
develop and update the hazard and risk map due to storm surge. To develop the storm
surge hazard and risk map, typhoon wind hazard modeling is the first and essential step.
While the intensity of Typhoon Haiyan decayed as it approached to Hainan province of
China, it remained in the typhoon category and caused damage to power transmission line
system and to agriculture. Around 2 million people were affected by this event and the
economic loss was about 4.6 billion Chinese Yuan (i.e., RMB).
Besides of this recent devastating typhoon event, historically, on average, the annual
economic loss due to TCs is about 28.7 billion RMB and casualties between year of 1983
and 2006 are about 472 (Zhang et al. 2009). Most of the losses and casualties are
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distributed in provinces located in coastal regions of southeast part of China due to the
higher wind hazards in this area.
A tropical cyclone system is a low pressure system that has a warm-core and originates
over tropical or subtropical oceans. The minimum required sea surface temperature (SST)
to form a tropical cyclone system is 26.5°C (Reynolds et al. 2007). However, once
formed, it can sustain over lower SST. A tropical cyclone system has a well-defined
center, around which the deep convection is organized and a closed surface wind
circulation is developed. The horizontal wind circulation is counter-clockwise in North
Hemisphere and clockwise in South Hemisphere. The center of the tropical cyclone
known as the eye is characterized by light winds and clear sky. The eye is surrounded by
the eye wall, which is a ring of dense cloud having the heaviest rain and strongest wind.
A tropical cyclone extracts the heat energy from the ocean having high temperature and
dissipates over land or colder oceans.

1.1 An overview of TC wind hazard assessment approach
for engineering applications
Typically, the wind hazard can be estimated by using the surface wind observations at
meteorology stations if the recorded wind is deemed sufficiently for statistical analysis.
Often such records are lacking and reliable extreme value analysis of the annual
maximum wind speed cannot be carried out. To overcome this, numerical simulation
procedure and hurricane wind hazard models were developed for the assessment of the
TC wind hazard. These models basically require two components: a hurricane wind field
model and a hurricane track model, which will be discussed in more detail in the
following sections.
Some earlier studies focused on the hurricane wind hazard evaluation can be found in
Russell (1968, 1971). These studies used the gradient wind field model and statistics of
the hurricane tracks that intersect with a segment of coastline near the site of interest.
Probabilistic distributions are assigned to model the key parameters of the TC tracks near
the site including the central pressure, translation velocity, heading and radius of the
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maximum wind speed (Rmax). The assignment is based on statistics of the historical
tracks. Instead of considering segment of tracks that cross the coastline, Georgiou et al.
(1983) and Georgiou (1985) considered the segment of tracks that are within a circular
centered at the site. In addition, to estimate the wind speed near the surface, these studies
used the solution of the gradient wind field model (at gradient height) but scaled the
solution by a factor to estimate surface wind speed and to develop the hurricane wind
hazard contour maps for the US. The scaling factor is evaluated based on the comparison
of the gradient wind field and an approximate solution of a planetary boundary layer slab
wind field model (Chow 1971; Shapiro 1983). The approach given by Georgiou (1985) is
followed by others (Vickery and Twisdale, 1995a, 1995b) but with an updated filling rate
model. Simulating the track segments within a circular sub-region is referred to as the
circular sub-region method (CSM).
The use of simulated tracks from genesis to lysis (i.e., full track approach) was considered
by Vickery et al. (2000b) to estimate the hurricane wind hazard. In such a case, the
regressive model used to simulate the full tracks was developed based on historical best
track dataset known as HURDAT (Jarvinen et al. 1984); the model with geographically
varying coefficients predicts three key hurricane track parameters: the TC translation
velocity, heading and relative intensity. The prediction of the relative intensity for the
TCs after making landfall requires the application of a filling-rate model – a model
describes the decay of the TC after the storm making landfall. In addition, Vickery and
Wadhera (2008) and Vickery et al. (2009a) developed model parameters to define the
boundary layer wind profile model and the model parameters such as Holland B (Holland
1980) and radius of the maximum wind speed (Rmax) needed to define the wind field. The
development of these model parameters were facilitated by the measurements from
dropsonde, aircraft reconnaissance and reconstructed surface wind field based on
observations.
There are other models and approaches considered by different researchers to estimate
hurricane wind hazard for engineering applications. The general approaches adopted by
these studies are similar. However, details in track and the wind field modeling differ. For
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example, hurricane track models are also developed by Powell et al. (2005), James and
Mason (2005), Emanuel et al. (2006), Hall and Jewson (2007). The TC track is modeled
as a Markov process in Powell et al. (2005); the changes in the motions and intensity of
TC are sampled using their probability distribution functions assessed based on historical
best track dataset. In James and Mason (2005), an auto-regressive model was adopted to
predict the change of the TC location and of the central pressure. One of the models
proposed in Emanuel et al. (2006) is based on Markov chain whose probability of vector
displacement change depends on position, season, and the previous 6-hour vector
displacement. The model presented in Hall and Jewson (2007) assumes that the TCs in a
location of the Atlantic tend to move in a similar manner; the motions of a hurricane over
a 6 hour interval and along the latitude and longitude depend only on its present position;
and that the probability distributions of the motion can be assessed using historical tracks.
The mentioned full track models are developed to assess TC hazards for US, and it seems
that the full track model applicable to western North Pacific basin, in particular, to assess
TCs wind hazard for coastal region of China, is unavailable in the open literature.
Several studies focused on the estimation of TC wind hazard at sites located in coastal
region of China (Ou et al. 2002; Xiao et al. 2011; Zhao et al. 2005). These studies used
the CSM to estimate the TC wind hazard. However, different wind field models are used
in these studies. In Ou et al. (2002) the gradient wind field model was used. Xiao et al.
(2011) adopted the wind field model described in Cardone et al. (1992) and Thompson
and Cardone (1996). Moreover, there are appreciable differences of the estimated return
period values of the annual maximum TC wind speed among these studies. This is even
the case when the estimated return period TC wind speeds are compared to those
recommended in Chinese design code (GB-50009 2012). As the TC wind hazard is
important for making the design code, it is critical to investigate reasons behind the
observed discrepancy. In addition, it is noted that while the full track model is adopted for
TC wind hazard assessment and updating the national building design code of the U.S. in
ASCE-07 (ASCE 2010; Vickery et al.2009b, 2009c, 2010), this model has not been
accessible in public domain.
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1.2 Review of the wind field model used in the TC induced
wind hazard assessment
Whether the CSM or the full track approach is employed for the TC wind hazard
assessment, a wind field model is needed. The accuracy of the wind field model affects
the adequacy of the estimated TC wind hazard. In general, the wind field model
employed for engineering applications can be classified as gradient wind field model and
planetary boundary layer (PBL) wind field model.
The governing equation of the gradient wind field model can be expressed by (Holton
2004)
2
1 P 0 vg

  fvg
 r
r
r

(1.1)

where vg m/s is the gradient wind speed, P pa is the pressure field, ρ kg/m3 is the air
density, Φ0 m2/s2 is the geopotential, f rad/s is Coriolis parameter equal to 2 sin  at
latitude  (o) in which  rad/s represents the rotation of the Earth with magnitude 2π/day
and r m is the radius from the center of the storm.
Instead of directly solving the governing equation, an empirical equation was given in
Russell (1968), Schwerdt et al. (1979) and Batts et al. (1980) and can be expressed as,

Vg max  K 0.01p  0.5 103 fRmax

(1.2)

where K is an empirical constant varying between 6.93 to 6.97, p Pa is the central
pressure difference and Rmax m is the radius of the maximum wind speed ranging from
8,000 m to 100,000 m. Furthermore, an empirical relation is used to convert the modeled
gradient maximum wind speed to surface maximum wind speed by using an empirical
relation,

V (z  10, Rmax )  0.865Vg max  0.5uc

(1.3)
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where uc m/s is the translation velocity of the storm. This model is an axisymmetric
model that cannot capture the asymmetric characteristics of the observed TC wind field.
Moreover, the scaling factor (0.865) is a constant value and is higher than the mean value
of the scaling factor calculated from the dropsonde data (Vickery et al. 2009b). Also, this
model only uses the central pressure difference, and the horizontal pressure profile in a
TC is not considered.
To improve the gradient wind field, a modified pressure profile was introduced by
Holland (1980),

  Rmax B 
P(r )  PC  p  exp   

  r  



(1.4)

where B in Eq. (1.3) is commonly referred to as Holland B parameter and is considered to
range from 1 and 2.5, P(r) is the pressure field, PC Pa is the central pressure, p Pa is the
central pressure difference, and Rmax and r are defined previously. Considering the
pressure profile defined in Eq. (1.4), solution of the gradient wind field governed by Eq.
(1.1) can be expressed as,
1/2

 R  B Bp
  Rmax  B   rf 2 
max
Vg (r )  
 exp   



  r    2  
 r  






rf
2

(1.5)

By considering the curvature effect, an adapted gradient wind field model was given by
Georgiou et al. (1983), which is also used in Lee and Rosowsky (2007). The model can
be expressed by,
1/ 2

 R B Bp
  Rmax  B   c sin   rf 2 
max
Vg ( r )  
 exp   


 
  r   
2
 
 r  





c sin   rf
2

(1.6)

where c m/s is the translation velocity of the storm and is angle from translation
direction, which is defined to be clockwise positive. Although the gradient wind field has
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an analytical solution and can be easily integrated into the wind hazard assessment, the
neglecting of the surface friction, a key merit of the TC boundary layer, makes this model
less adequate in describing the physical process of the wind field within the boundary
layer and inadequate in modeling the asymmetry feature of the real observed wind field.
To consider the surface friction effect, a planetary boundary layer (PBL) wind field
model was introduced by Chow (1971), which represents a vertically averaged TC wind
field. The governing equation and detailed discussion on the solving process are to be
presented in Chapter 2. The pressure profile used in Chow’s study is same as that defined
by Eq. (1.4) but with Holland parameter B being equal to unity; the turbulence flux are
considered by including a drag force term and viscous term in the momentum equation.
The drag coefficient CD used in Chow (1971) is linearly increasing with the wind speed
and is given by,

CD   0.5  0.06 V  103

(1.7)

where V m/s is the wind speed at slab height relative to the fixed coordinate.
The boundary depth is assumed to be 1000 m. A finite difference solution scheme was
also given and used to solve the moment equation, including the effect of the translation
of the TC. Chow’s study is only focused on the wind field at slab height.
Although Shapiro (1983) does not directly follow Chow’s work, the same governing
equation is used but expressed in cylindrical coordinate. The pressure profile is assumed
to be in gradient balance and governed by Eq.(1.1). The drag coefficient used in their
study is different than that used by Chow (1971), which can be written as,

CD  1.1  0.04 V  103

(1.8)

The boundary depth is also assumed to be 1000 m. To improve the numerical efficiency,
Shapiro (1983) considered that the solution of the wind field can be expressed in terms of
Fourier series, and that the consideration of first two terms in the series can be adequate.
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This study is again focused on the wind field at slab height. This wind field model was
adopted by Vickery and Twisdale (1995a, b); a scaling factor of 0.8 is introduced to
convert the modeled wind field at slab height to the surface level (i.e., 10 m height) and a
halved drag coefficient given in Eq. (1.8) was used. The truncated spectral analysis used
in Shapiro (1983) was found to be less adequate in describing the wind field structural
feature as compared to the full nonlinear solution of the equation of the motion (Vickery
et al. 2000a).
By following Chow’s solving scheme, the solution of the equation of motion is also given
in Thompson and Cardone (1996) but considering that the boundary layer depth h equals
500 m. The drag coefficient in their study differs from that used in Chow (1971) and
Shapiro (1983). The drag coefficient in their study is estimated based on the similarity
theory. This results in CD to be dependent on the similarity parameters and the wind
speed. Consequently, the calculation procedure for the wind field is more complex as
compared to the case where CD is given by Eqs. (1.7) or (1.8). The similarity parameters
are also used as the basis to develop the boundary layer model.
Vickery et al. (2000a) adopts the wind field model given by Thompson and Cardone
(1996) including their boundary layer model, but replaced the drag coefficient with the
one given in Vickery and Twisdale (1995a) and setting the boundary layer depth h equal
to 1000 m. Vickery et al. (2000a) validated their model by comparing the estimated wind
speeds to the surface wind observations. The model in Vickery et al. (2000a) is further
updated by Vickery et al. (2009a) by including:
1. Newly developed empirical models for Holland B and Rmax which are given in Vickery
and Wadhera (2008); and
2. An empirical boundary layer model and an upper limit of the drag coefficient, which
are developed based on dropsonde data and reconstructed surface wind field (Powell et
al. 1998).
It is noted that the series studies by Vickery et al. mentioned earlier provided the basis for
the wind hazard map in the ASCE-7 (2010). However, the application and assessment of
the adequacy of the wind field model for estimating the typhoon wind hazard (in other
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regions in the world) caused by the TCs originating from western North Pacific basin are
not discussed in the literature. This is important since the results of the model depend on
the empirical models for Holland B parameter and Rmax, which are developed using US
data.
Other wind field model used for engineering applications includes the one developed by
Meng et al. (1995). Their model is adopted by Zhao et al. (2005) to assess the typhoon
wind hazard for Shanghai. This model has similar governing equation as that for PBL
wind field model, but assumes that the wind field of a storm within the boundary layer
can be considered as a superposition of the gradient wind field and a wind field “induced”
by surface friction. The gradient wind field component can be solved by assuming the
gradient wind balance, while the friction wind field is solved iteratively. The parameters
used to define this wind field model include the central pressure difference, translation
velocity, storm heading and roughness length z0. The drag coefficient is expressed in
terms of the roughness length and is given by,

CD 

2
ln  z10  h  d  / z0 

2

(1.9)

where κ is Von Karman constant equal to 0.4, z10 is 10 m height above the mean height of
roughness length, d m is the zero-plane displacement and z0 m is the roughness length.
The value of z0 used in the model is extremely important since the friction velocity plays
a key role in this model. In fact, the model given by Meng et al. (1995) is a function of
wind direction dependent z0. As such a wind direction is unknown at priori, it must be
determined iteratively by solving the wind field and adjusting the corresponding z0
according to the coming wind direction. This could complicate the application of the
model.
Meng et al. (1997) updated the model shown in Meng et al. (1995) by changing the
constant viscosity coefficient used in Meng et al. (1995) to be a non-linear differential
equation. This change further increases the complexity in applying the model.
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An axisymmetric slab wind field model is also proposed in Smith (2003) and
subsequently updated in Smith and Vogl (2008). To get this slab model, the equation of
motion in 3D is integrated and averaged vertically. For terms maintain the vertical
velocity in the 3D equation, as a result of integration, the vertical velocity at the boundary
height is maintained in the averaged governing equation. To solve the governing equation
of this slab model, it assumes that the simulated wind field is in steady state and
axisymmetric, which are implemented by setting the time derivative and azimuthal
derivative equal to zero correspondingly. This axisymmetric slab model is used to
investigate the TC wind field structure diagnostically, such as supergradient wind (i.e.,
the wind speed around eyewall which is faster than the gradient wind speed). The
axisymmetric feature of this model cannot capture the asymmetric characteristic of
observed TC wind field.
A 3D wind field model was given in Kepert (2001) and Kepert and Wang (2001). The
model given in Kepert (2001) is a linear height resolving 3D model, while its non-linear
enhancement is given in Kepert and Wang (2001). It seems that these models have not
been considered in any major engineering tropical cyclone wind hazard and risk
assessments. The governing equation for this 3D model can be considered as a general
form of the equation of motion under the assumption of neutral condition, which the
acceleration of air at boundary equals zero. The slab model, including the PBL wind field
model and axisymmetric slab model, can be derived from this governing equation through
some simplifying assumptions. In fact, the governing equation for the PBL wind field
model can be obtained by vertically averaging the governing equation for this 3D model
and neglecting the vertical velocity. The governing equation for the axisymmetric slab
wind field model can be derived by vertically averaging this 3D wind field model and
neglecting the azimuthal and time derivatives. Difference between the 3D model and the
slab model also exists in how to treat the turbulence flux, which is commonly
parameterized by using the bulk aerodynamic formula that reflects the surface friction by
employing a drag coefficient. For the slab model, the drag coefficient is calculated by
using the wind speed at slab height (i.e., the mean boundary layer flow because the
boundary layer flow is vertically averaged). However, the 3D model uses the surface
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wind speed to calculate the drag coefficient. Kepert (2010a,b) argues that using the mean
boundary layer flow to calculate the drag coefficient contributes to the difference of the
simulated wind field by using slab model and that by using 3D height resolving model.
Kepert (2010a,b) also indicate that the vertical average of the non-linear terms also
contributes to the difference of modeled wind field. It is unavailable in Kepert (2010a,b)
that a comparison of the wind field estimated from the 3D model to the observed tropical
cyclone wind field.

1.3 Review of the TC track simulation methods
The track modeling is another essential component for the TC wind hazard assessment
model. Methods used to simulate the trajectory of the TC can be generally categorized
into two classes, which are local (or sub-region) model and basin wide TC track model.
The basic idea behind these two kinds of track modeling techniques is the same except in
the former statistical characteristics of the tracks near a site of interest (e.g., within 250
km) are considered while the latter considers the statistics of historical tracks from
genesis to lysis. The parameters needed for the track modeling include the location of the
TCs at given time interval, central pressure of TC, heading and translational velocity of
TC.
The sub-region method was considered by several researchers including Russell (1968,
1971), Tryggvason et al. (1976), Batts et al. (1980), Georgiou et al. (1983), Neumann
(1991), Vickery and Twisdale (1995a). In all cases, to sample the tracks near the site of
interest, the approach needs to assign probabilistic models of the key TC parameters,
including the central pressure difference, heading and translation velocity of TC, the
radius of the maximum wind speed, and the minimum approaching distance or the coast
crossing position. For the distribution assignment, the samples are extracted from the
historical TC track observation available in the best track dataset within a specific region
(e.g., a region defined by a circle centered at the site of concern or at the crossing section
along the coastline). Monte Carlo approach is used to sample the key parameters from the
assigned statistical distributions, which are used to mathematically represent a TC
traveling along a straight line within the analysis domain. The intensity of the modeled
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TC is assumed to be constant until it makes landfall, when the filling rate model (such as
in Vickery, 2005) is activated to decay the modeled central pressure after making landfall.
This approach is valid for a single site when sufficient data is available to assign the
probabilistic models to the key parameters by using the site specific data obtained in the
circle centered at the site of concern or from the intersection of the coastline segment.
The procedure used in the application of such approach is similar in the studies
mentioned previously. Differences among these studies mainly exist in the models
accompanied physically, such as filling-rate models and the size of the region considered
being valid for the TC climatology. Instead of modeling the central pressure of the TC, in
Neumann (1991) it models the maximum surface wind speeds. The sub-region method is
used to assess the hurricane wind hazards along the coastal line of U.S. in Batts et al.
(1980), Geogiou et al. (1983) and Vickery and Twisdale (1995a&b).
The application of subregion method to estimate typhoon wind hazard in a few cities in
China is also considered (Ou et al. 2000; Zhao et al. 2005; Xiao et al. 2011). A limitation
of the subregion method is that the TC climatology in the defined subregion may not be
statistically homogeneous and the data in the circle may be insufficient to define the
probabilistic model for the key TC parameters.
To overcome these limitations in the subregion method, a TC track model from the
genesis to lysis is developed in Vickery et al. (2000b) by using the best track data
obtained from HURDAT. The model is used to generate synthetic TC tracks from genesis
to lysis. Three regression equations are given to predict the change of the key TC
parameters, including the heading and translation velocity of the TC and relative intensity
(as defined in Darling (1991)). Samples extracted from the best track dataset in specific
region, typically defined as a 5°×5°square, are used to develop the coefficients of the
regression equations. The developed track model is used to simulate the tracks from
genesis to lysis. Moreover, a filling-rate model is needed to simulate the central pressure
difference after the tracks making landfall.
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The development of the TC track model was also considered by others (Powell et al.,
2005; James and Mason, 2005; Emanuel et al., 2006; Lee and Rosowsky, 2007; Hall and
Jewson, 2007). In James and Mason (2005), an auto regression model is developed to
model the TC location and the central pressure. A non-linear term was added into the first
order auto regression model in to model the tendency of the TC moving away from the
equator in Coral Sea, Australia. The same attempt was made to include a non-linear term
in the auto regression model for predicting the change of central pressure such that an
increasing tendency can be obtained for positive p when the central pressure close to the
mean potential intensity. Instead of using the regression models to deal with the TC
location and the relative intensity (defined by the central pressure), Emanuel et al. (2005)
proposes to model the location of the tracks using Markov chains, and the intensity of the
TC (defined by the sustained wind speed at surface level) by a deterministic model. Hall
and Jewson (2007) also gives a TC track model, which predicts the displacement of a TC
by using the geographical weighted average value of the displacement derived from the
historical observation in a specific region centered at the current analysis location with
compositing a uncertainty term modeled by a bi-normal distribution. In their model, no
attempt was made to predict the TC intensity along the modeled track.
The main difference between the CSM and full track modeling is apparent. The former
requires the homogeneity assumption within the considered region and potentially
associated with statistical uncertainty due to lack of data. The latter considers the full
track model parameters are spatially varying. The simulated trajectory by the CSM,
within the concerned circle, is assumed to be a straight line defined by randomly sampled
key parameters (TC heading, translation velocity and minimal approaching distance) from
fitted statistical distributions. The trajectory simulated by the full track modeling varies
over time. Both the CSM and the full track model are widely used to assess the hurricane
wind hazard in the US. However, the consideration of the full track model to assess the
typhoon wind hazard in China seems missing.
Besides the wind field models and trajectory models, there are also models needed to
compute the parameters, such as Holland parameter B, radius of the maximum radius
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(Rmax), height scaling factor and filling rate that are required to evaluate the wind field
and wind speed at 10 m height.

1.4 Data availability
The historical track information is the essential information for the tropical cyclone wind
hazard assessment. The track information in the HURDAT (Jarvinen et al. 1984) records
the tropical cyclone originating in North Atlantic basin. There are four institutions release
their best track datasets for tropical cyclones originating from west North Pacific (WNP)
basin (Ying et al. 2014). They are the China Meteorological Administration (CMA), the
Hong Kong Observatory (HKO), Regional Specialized Meteorological Center (RSMC) in
Tokyo, and the Joint Typhoon Warning Center (JTWC) of the US Navy. A comparative
study by Ying et al. (2014) indicated that CMA datasets have higher quality and longer
records for TCs near the coastline of China and after making landfall, which is important
for the TC wind hazard assessment over the TC prone coastal region of China.
Consequently, all available information from the TC best track dataset provided by the
CMA is considered for the analysis regarding to the typhoon wind assessment for China
in this study. Both of the HURDAT and the best track dataset from CMA are considered
in this study.

1.5 Objectives of the Current Study
The main objectives of this study include:
1) To follow a series of studies given by Vickery et al. (from 1995 to 2010) and
reconstruct the full track model. This is necessary since their track model coefficients are
proprietary. The reconstruction of the track model and scrutinize the PBL model also
allow a detailed examination of the developed hurricane wind hazard used to develop
wind hazard maps for ASCE-7;
2) To estimate the typhoon wind hazard for selected cities using the CSM and the wellestablished PBL wind field model. Such a study is necessary to understand the typhoon
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wind hazards for the considered cities since there are large discrepancies in the estimated
return period value of typhoon wind speeds reported in the literature.
3) Apply the CSM and the well-established PBL wind field model to develop the typhoon
wind hazard for the coastal region in China. It seems that the mapping of such hazard for
the coastal region is not available. The challenges of such a mapping are the assignment
of probabilistic models for the track model and the development of an adequate fillingrate model applicable for the region.
4) The final objective of this study is to develop the full track model. The developed full
track model is used to assess typhoon wind hazard for the coastal region of the mainland
China. A comparison of the mapped wind hazard estimated based on CSM and full track
approach is presented.

1.6 Chapter organization
Chapter 2 explores the PBL wind field model and reconstructs the full track model given
in Vickery et al. (2000b). An approximation in solving the PBL wind field model is
identified in Thompson and Cardone (1996) and Vickery et al. (2000a). The influence of
such approximation on the simulated wind field is studied. The adequacy of the simulated
wind field is verified by comparing the simulated wind field to that provided by H*Wind
(Powell 1998), where the observation is used to reconstruct the observed surface wind
field. The TC full track model given in Vickery et al. (2000b) is reconstructed by using
the HURDAT dataset up to 2011. A simplified version of this TC full track model is
developed. The reconstructed full track model and the simplified track model are
validated by comparing the statistics of the key TC parameters to those calculated from
the HURDAT. Hurricane wind hazard for the US is mapped by using different
combination of the PBL wind field model (full solution of the governing equation or
approximated solution) and the full track model (full version of the full track model given
in Vickery et al. (2000b) or its simplified version). Finally, these developed hurricane
wind hazard maps are compared.
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Chapter 3 assesses the typhoon wind hazard for 9 coastal cities in southeast part of
mainland China by using the CSM combined with the PBL wind field model. Statistics of
the key typhoon parameters are calculated within a circle centered at each of these
concerned cities. Statistical distributions are assigned to the key typhoon parameters. The
coefficients of the assigned distributions are fitted from the CMA best track dataset. The
PBL wind field model is validated by comparing the simulated TC wind speed to those
observed at meteorology stations. A filling rate model is developed for the southeast part
of China. The typhoon wind hazards for these nine sites are assessed by using the CSM
and the PBL wind field model. The estimated return period typhoon wind speeds are
compared to those found in the publication and those tabulated in Chinese building code.
Chapter 4 maps the typhoon wind hazard for southeast part of China by using the CSM
and the PBL wind field model. The statistics of the key typhoon parameters are calculated
for the entire southeast part of the China to characterize their spatial trends. Filling rate
model developed in Chapter 3 is updated to consider the effect of Taiwan Island on
landfalling TCs. Typhoon wind hazards are mapped and compared based on different
radii used in the CSM. The typhoon wind hazard assessed by using the filling rate model
developed locally for each site is compared to that assessed by using the filling rate model
developed for three regions covering the southeast part of mainland China.
Chapter 5 develops a full track model in WNP basin and maps the typhoon wind hazard
for southeast part of mainland China by using this developed full track model. The
coefficients of the full track model are developed by using the CMA best track dataset.
The adequacy of the full track model is validated by comparing the statistics of the key
TC parameters calculated from the simulated TC tracks to those in the best track dataset.
The typhoon wind hazards at nine cities defined in Chapter 3 are assessed by using the
full track model and compared to those calculated by using CSM. The assessed typhoon
wind hazards at two cities are compared to those estimated by using the ground
observations. The developed typhoon wind hazard contour maps by using full track
model are compared to those developed by using CSM.
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Finally, Chapter 6 summarizes the main conclusions drawn from previous chapters.
Contributions of this work are also highlighted in this chapter. Recommendations are
given for the future work.
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Chapter 2

2 Observations on hurricane wind hazard model used to
map extreme hurricane wind speed
2.1 Introduction
Tropical cyclones, known as hurricanes in the Atlantic and east Pacific Ocean and
typhoons in the west Pacific, are associated with extreme winds, intense rain and storm
surges. They often cause damage to structures and infrastructure, fatalities and economic
losses. Hurricane wind hazard modeling and simulation are important for hurricane risk
assessment. The modeling requires the use of historical wind speed and track records.
The models and the simulation of extreme hurricane wind speed focused on the US were
discussed in Vickery et al. (2009a, b, c); a model focused on Mexico was developed by
Sanchez-Sesma et al. (1988); and a model focused on southeast coastal regions of China
was described by Xiao et al. (2011). Also, under Florida Commission on Hurricane Loss
Project Methodology (http://www.sbafla.com/methodology), in 2011 AIR Worldwide
Corporation, Applied Research Associates, Inc., EQECAT, Inc., Florida International
University (International Hurricane Research Center), and Risk Management Solutions,
Inc. independently submitted their hurricane hazard models for review. General
description of these models and the corresponding references can be found in the
submissions. In all cases, each of the hurricane hazard models basically consists of two
parts: a hurricane wind field model and a hurricane track model. Detailed information is
available on the modeling techniques used to develop the hurricane wind contour maps in
ASCE 7-98 (Vickery and Twisdale, 1995a, b), ASCE 7-05 (Vickery et al., 2000a, b) and
ASCE 7-10 (Vickery et al., 2009a, b; Vickery et al. 2010). The use of the hurricane wind
hazard model for risk assessment, which is implemented in FEMA (2006), was presented
in Vickery et al. (2006).
One of the early tropical cyclone wind field models, presented in Chow (1971),
investigated the structure of a moving tropical cyclone having an asymmetric wind field
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induced by surface drag. The model is a two-dimensional (2D) model focused on a single
horizontal layer of a uniform height within the planetary boundary layer. The wind field
is described using the fluid momentum equation (Holton 2004) and its solution is
obtained by applying the finite-difference method with nested grid (Chow 1971). Shapiro
(1983) also studied the wind field in the planetary boundary layer beneath a translating
tropical cyclone. Although it was not directly in accordance with Chow (1971) solution
procedure, it was based on the same governing equation given in Chow (1971) but
expressed in cylindrical coordinate. It considered that the solution of the equation for the
wind field consists of an axisymmetric component and azimuthally-varying components
at the first two Fourier frequencies, allowing for asymmetries. Such a wind field,
representing vertically-averaged values of wind velocity, retained sufficient accuracy in
comparison with the observed wind field in tropical cyclones. The Shapiro (1983)
approach, which does not provide the full solution to the momentum equation and details
of wind field asymmetry as the hurricane translation velocity increases, was adopted by
Georgiou (1985) and Vickery and Twisdale (1995a). Cardone et al. (1992) proposed a
wind field model with the same equation used by Chow (1971), but with different surface
drag coefficient and boundary layer models. The model was refined by Thompson and
Cardone (1996) applying a more realistic pressure field given by Holland (1980). This
approach was adopted by Vickery et al. (2000a): it took the equation described in Chow
(1971) and the solution was obtained using the finite difference method, but considered
the pressure field and boundary layer model from Thompson and Cardone (1996) and the
surface drag coefficient from Vickery and Twisdale (1995b). Solutions to the wind field
model were precomputed and fitted using Fourier series along circular paths concentric
with the coordinate center; the fitted series were stored and used to estimate hurricane
wind speeds by applying Monte Carlo technique.
The previous discussion indicates that the equation representing the wind field presented
in Chow (1971) plays an essential role in the hurricane wind field modeling and hazard
assessment. However, a term expressed as the product of the hurricane translation
velocity and gradient of the wind velocity relative to the moving center of the vortex in
the governing equation, which was used in Chow (1971), was neglected in several
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publications (see next section for details). However, the effect of this approximation on
the calculated wind field has not been elaborated and investigated. To investigate this
effect on the calculated hurricane wind field and hurricane wind hazard, the Chow (1971)
model and its approximation are elaborated in the next section.
The other major component for estimating hurricane wind hazard is the hurricane track
modeling. For computational efficiency, early hurricane hazard assessment (Georgiou et
al., 1983; Vickery and Twisdale, 1995b) was carried out by simulating the track segments
within a specified radius of the site of interest. For the simulation, the historical track
records were used to assign the probabilistic models of the characteristics of the tracks
such as heading, intensity, and translational speed of the hurricane. A limitation with this
approach is that there could be insufficient historical data for a particular location to
adequately define the probabilistic models. To overcome this, Vickery et al. (2000b)
pioneered the use of the hurricane track model developed based on the historical track
records in the National Hurricane Center’s North Atlantic hurricane database (HURDAT)
(Jarvinen et al. 1984); the model was used to generate synthetic tracks from genesis to
lysis. For the development, it was considered that the geographic region of interest can be
covered using regular rectangular cells, and the historical track segments within each cell
can be used to develop the track model defined by regression equations for the storm
translation velocity, heading, and relative intensity. The development and use of the track
model for hazard assessment were considered and expanded by others (Powell et al.
2005; James and Mason 2005; Emanuel et al. 2006; Lee and Rosowsky 2007; Hall and
Jewson 2007). James and Mason (2005) was focused on cyclones over the Coral Sea,
Australia; their model assumed that the position of the track can be modeled using the
autoregressive stochastic process. Emanuel et al. (2006) considered that the synthetic
track can be generated using Markov chains, while Hall and Jewson (2007) considered
that the track can be modeled based on the local mean and variances of the displacement
of historical track. However, it appears there is no consensus on the best track modeling
technique.
This Chapter describes two main observations on the hurricane wind hazard modeling.
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First, two sets of the wind fields are developed, as follows: (1) defined by the governing
equation given in Chow (1971), and (2) defined by the governing equation with the
approximation mentioned previously. Also, a qualitative comparison of these simulated
wind fields to a few snapshots of hurricane wind fields from the Hurricane Wind Analysis
System (i.e., H*Wind) (Powell et al., 1998) is presented. Second, an investigation is
carried out to potentially simplify the track model proposed in Vickery et al. (2000b).
Four hurricane hazard models are assembled by considering combinations of wind field
and track modeling components. For the combination, one of the two sets of wind fields
(mentioned previously in this paragraph) is combined with one of the two track models,
as follows: (1) original track model given by Vickery et al. (2000b) but with newly
estimated model coefficients using up to date track records, and (2) simplified track
model developed in the research reported in chapter. The assembled hurricane hazard
models are used to estimate the return period values of annual maximum hurricane wind
speed and to investigate the sensitivity of the estimates (to the adopted wind field and
track models).

2.2 Wind field model and its solution
The vortex model proposed by Chow (1971) is the basis for the models used by Cardone
et al. (1992), Thompson and Cardone (1996), and Vickery et al. (2000a, 2009b). The
model that is based on the equation of horizontal motion, vertically averaged through the
depth of the planetary boundary layer, can be written in the earth-fixed coordinate system
as,


us 
1
C    
 

  

 uc  us  us  us   fkˆ  us  uc  ug   pc     KH us   D us  uc us  uc 
t

h
(2.1)



where us m/s = the wind velocity relative to the moving center of the vortex; uc m/s =


the storm translation velocity; ug m/s = the wind velocity resulting from the large-scale
pressure field; f rad/s is Coriolis parameter equal to 2 sin  at latitude  in degrees in
which  rad/s represents the rotation of the Earth with magnitude 2π/day; kˆ is the unit
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vector in the vertical direction;  kg/m3 = density of air; pc Pa is an axisymmetric pressure
field; KH is the horizontal eddy viscosity coefficient; CD is the surface drag coefficient;
and h m = the depth of the planetary boundary layer. In writing Eq. (2.1), it is considered
that the total pressure p = pc + pg, where pg represents the large-scale pressure field, and it



is assumed that pg  fkˆ  ug .



According to Chow (1971), us / t in Eq. (2.1) represents the time change of us (local)



to the fixed coordinates (on earth), while us / t  uc  us represents the time change of

us to the moving coordinates (i.e., center of the vortex). Chow (1971) used the notation

  / t c



to represent   / t   uc  , and further expressed Eq. (2.1) in a moving

Cartesian coordinate system (x, y) with the origin always coinciding with the moving low
pressure center as,


  u   Au  Fu  Pu  Eu  Du
 t c

(2.2a)

and,


  v   Av  Fv  Pv  Ev  Dv
 t c

(2.2b)


where u (m/s) and v (m/s) are the components of us in the x- and y-directions,
respectively. The advection term A, Coriolis term F, the pressure gradient term P, the
viscous force term E, and the surface drag term D are derived based on Eq. (2.1) and are
defined explicitly in the subsequent text. The subscripts u and v (to A, F, P, E and D)
represent that they are associated with the velocity components u and v. The terms A, F,
P, E and D are:

Au  u

u
u
v
x
y

(2.3a)

Av  u

v
v
v
x
y

(2.3b)
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(2.4b)

Pu 

1 pc
 x

(2.5a)

Pv 

1 pc
 y

(2.5b)

Eu 

 
u   
u 

 KH
   KH
x 
x  y 
y 

(2.6a)

Ev 

 
v   
v 

 KH
   KH
x 
x  y 
y 

(2.6b)

Du 

CD
2
2
 u  uc    v  vc 
h

Dv 

CD
2
2
 u  uc    v  vc 
h





 u  uc 
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(2.7b)
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By specifying KH, CD, h and the boundary condition of the wind field, Chow (1971)
solved Eq. (2.2) using the finite difference method with a rectangular nested grid system
consisting of five nests for   / t c equal to zero. Within each grid layer the grid point
spacing is constant; the mesh size of the innermost nest is specified; and the mesh size is
doubled as the nest grows outwards to the next layer. For the numerical analysis, the grid
point spacing is 5×103, 10×103, 20×103, 40×103 and 80×103 m for the five nests; the
entire grid domain covers about 1600 km2. h in Eq. (2.7) is taken to be equal to 1000 m.
This was also adopted by others (Shapiro 1983, Vickery et al. 2009b). The finite
difference method was considered by Cardone et al. (1992), Thompson and Cardone
(1996), and Vickery et al. (2000a) to solve Eq. (2.2).
considered to be given by (Smagorinsky, 1963),

In all these studies, KH is
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  x y   x y  



(2.8)

where x denotes grid point spacing and  is a non-dimensional constant that takes a
value of 0.4.  plays a minor role in the model results (Chow, 1971). The pressure
gradients ∂pc/∂x and ∂pc/∂y are obtained based on the radial pressure gradient expressed
as,
B
  Rmax  B 
pc pB  Rmax 
exp



  r  
r
r  r 



(2.9)

where r m is the radial distance from the pressure center of the storm; B is Holland’s
radial pressure model parameter (Holland, 1980) taken a value between 0.5 and 2.5
(Thompson and Cardone, 1996; Vickery et al., 2000a); p Pa = central pressure
difference; and Rmax m = radius of the maximum wind speed.
The term CD was modeled as a linear function of wind velocity in Chow (1971) and
Vickery et al. (2000a), while in Cardone (1992) and Thompson and Cardone (1996), it
was modeled as a function of air-sea temperature difference resulting in CD as a nonlinear
function of wind velocity. More recently, Vickery et al. (2010), see also Large and Pond
(1981) and Vickery et al. (2009b, c), considered that in the over land case CD equals
0.0047, and in the over water case it is given by,

CD  min  0.49  0.065V10  103 , CD max  ,

(2.10a)

where,









C D max  min max  0.0019, 0.0881 10 3 r1  17.66  10 4  , 0.0025 ,

(2.10b)

V10 m/s is the mean wind speed at 10 m height and r1 = max (r, Rmax).

For simplification of reference, the wind field described by Eq. (2.2) is referred to as
Model-E in the following. The term   / t c on the left hand side (LHS) of Eq. (2.2)
deserves some discussions. It is presented in the formulation in Chow (1971) and
Cardone et al. (1992). However, it appears that the computing code in Cardone et al.
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(1992) neglected uc  u s . This observation is consistent with the fact that   / t c

instead of   / t  is used in equations (8) and (9) in Thompson and Cardone (1996), and


in equations (8a) and (8b) in Vickery et al. (2000a). Neglecting uc  us may be an

adequate approximation. However, its effect on the calculated wind fields has not been


investigated. The wind field described by Eq. (2.2), but with uc  u s neglected [i.e.,

  / t c is replaced by   / t  ], is referred to as Model-A in the subsequent text for
simplicity.


To investigate the effect of neglecting uc  u s on the predicted wind field, the solution
procedure given in Chow (1971) is performed to solve Model E and Model A. The results
are compared in Figure 2.1. It indicates the following:
1) The kidney shape isoline near the center is noticeably rotated clockwise as the storm
translation velocity increases if Model E is used. However, if Model A is used, the
rotation of the kidney shape versus the translation velocity is less significant; this is in
agreement with the results in Vickery et al. (2000a). This shows that the shape of the


predicted wind field is affected by neglecting uc  u s .
2) For small values of the storm translation velocity, the predicted wind fields obtained
by using Model E and Model A are similar. This is expected since the magnitude of



uc  u s decreases as uc decreases.
3) The maximum wind speed estimated by Model A is about 3.5% less than that
estimated by Model E. This difference is small considering all the uncertainties
involved in assigning the needed coefficients for the wind field modeling. Additional


analysis shows that the underestimation by neglecting uc  u s could be increased to
about 15% for hurricanes with the model parameters taking the values near the ends of
their typical ranges (for example, with the central pressure difference equal to about 85
hPa).
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Figure 2.11 Comparisson of wind speeds in m
m/s at 10 m for
f overlandd condition. For the
numericaal analysis, Δ
Δp = 6500 P
Pa, B = 1.055 and Rmax = 45000 m are considereed. The
sstorms transslate verticaally and upw
wards in the plan of the page; the coonversion of
o the wind
s
speed
obtainned from Eqq. (2.2) to suurface windd speed is exxplained in ddetail in the following
sectiion.


T further compare thhe effect of neglectingg uc  us oon the windd field, thee H*Wind
To
s
snapshots
(P
Powell et all. 1998) are consideredd. In particullar, four succh snapshotts obtained
f
from
http:///www.aoml..noaa.gov/hhrd/data_subb/wind.html (last access date July 1st, 2013)
a shown in Figure 2.2. Several parameteers [i.e., (11) the maggnitude of translation
are
t



uc , (2) storm
v
velocity,
m heading (rrelative to the
t true nortth), (3) Rmaxx, (4) centraal pressure
pc] are obtaiined or infeerred from thhe snapshotts and their aassociated iinformation. The term



Rmax and pc are directlyy given in thhe snapshotts, and uc and headingg are estimaated based
o the winnd field infoormation (immediatelyy before annd after the snapshots shown in
on
F
Figure
2.2). For the callculation, inn accordancee with Vickeery et al. (20009c) and P
Powell and
U
Uhlhorn
(2009), Hollaand’s param
meter B is estimated.
e
T
This
is donne by subtrracting the

31

storm motion from the H*Wind, approximating the remaining wind field using an
axisymmetric radial profile, scaling the approximate surface wind field to gradient wind,
and finally calculating B based on peak gradient wind velocity. The solutions of the wind
fields with these parameters by using Model-E and Model-A are compared with the
snapshots in Figure 2.2. The comparison of the shapes of the wind fields indicates that the
solutions to Model E resemble those for the H*Wind and that this resemblance is reduced
if Model A is used. The maximum wind speed caused by using Model E is at the right or
right rear quadrant of the moving storm. This is a feature that is associated with three of
the four H*Wind snapshots shown in Figure 2.2. However, the maximum wind speed
caused by using Model A is located at the right front quadrant of the moving storm.
To further inspect the location of the maximum wind speed in the H*Wind snapshots, 489
snapshots for 45 hurricanes occurred from 2002-2013 are considered. For each snapshot,
similar to the analysis carried out for the snapshots shown in Figure 2.2, the clockwise
azimuth angle of the maximum wind speed with respect to the direction of storm heading
is determined. The maximum wind speed for about 84% of snapshots is located on the
right side of the storm motion; 42% and 58% of these snapshots are associated with
maximum wind speed located at right front and right rear, respectively. For the snapshots
with maximum wind speed located on the right side of the storm motion, the mean of the



azimuth angle (with respect to the storm heading) is 97° and the mean of uc is about
6m/s. This and the results shown in Figures 2.1 and 2.2 seem to support that Model E is
preferred, although it must be noted that the H*Wind represents wind field from
reanalysis results rather than actual measurements or observations.
In accordance with Vickery et al. (2000a), the numerical solution to Eq. (2.2) is fitted,
stored, and used together with the hurricane track model to assess the hurricane wind
hazard using the Monte Carlo technique in the subsequent sections. Moreover, for
comparison purpose, database of wind fields defined by Model E and Model A is also
established which will be used in the subsequent sections to estimate hurricane wind
hazard.
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Figure 2.2. Comparrison of H*W
Wind snapshhots to Moddel-E and M
Model-A. Thhe value
bbelow the nnamed hurriccane refers tto month, day, hour andd minutes.

2
2.3 Em
mpirical ttrack mo
odels
2
2.3.1
Ben
nchmark track model
T track model
The
m
pioneeered by Vicckery et al. (2000b) waas aimed at simulating the storm
t
translation
vvelocity, heaading and reelative intennsity. The m
model is expressed in,
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 ln c  a1  a2   a3  a4 ln ci  a5i  c

(2.11)

  b1  b2   b3  b4 ci  b5i  b6 i 1  

(2.12)





ln( I i 1 )  d1  d 2 ln( I i )  d 3 ln( I i 1 )  d 4 ln( I i  2 )  d 5Tsi  d 6 Tsi1  Tsi   I

(2.13)

where ai, bi and di are coefficients (or model parameters);  and  = latitude and
longitude, respectively;  ln c  ln ci 1  ln ci ,   i 1  i , ci, i, and Ii = storm
translation velocity, heading, relative intensity at the ith step, Ts = monthly averaged sea
i

surface temperature; and c, , and I = zero mean random error terms for Eqs. (2.11) (2.13), respectively.
The relative intensity Ii without the subscript, I, is defined as (Darling 1991),

I   pda   pc  es   /  pda  pdc 

(2.14)

where pda and pdc are the ambient and minimum sustainable central dry partial pressures,





the saturation vapour pressure es = 6.112  exp 17.67  Ts  273 / Ts  29.5 , and Ts is
the sea surface temperature in Kelvins. The time increment between i+1 and i is 6 h. The
coefficients are estimated for cells covering the geographic region of interest. The
coefficients are spatially varying and take into account local hurricane climatology.
Furthermore, two sets of coefficients [i.e., (1) for easterly headed storms, and (2) for
westerly headed storms] are estimated; the coefficients for the cells with little or no
historical data are assigned based on the nearest cells. Unlike the track model in Vickery
et al. (2009a), Eqs. (2.11) - (2.13) do not include the ocean mixing effect. Although this
could result in some differences in the estimated hurricane wind hazard, it does not
change the spatial trends of the estimated hurricane hazard, and it does not affect the
sensitivity analysis objectives which are the focus of this chapter.
In Vickery et al. (2000b), the coefficients for Eqs. (2.11) - (2.13) were estimated based on
historical track records for each of the regular rectangular 5o×5o cells, except for some
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r
regions
wheere smaller cells were used. The ddatabase conntaining theeir model cooefficients
a propriettary but nott publically accessible. In this chappter, the coefficients coonsidering
are
t historicaal tracks upp to year 20011 given inn HURDAT
the
T are estimaated. The cooefficients
o
obtained
forr Eq. (2.11)) are illustraated in Figurre 2.3, whicch shows that the variattion of the
c
coefficients
is not smoooth in some regions andd that the sppatial variatiion can be laarge.

Figure 22.3. Illustraation of som
me of the reggression coefficients forr Eq.(2.12) for
f the
easterlyy and westerrly headed storms.
T relativee differences are small and similarr to those prresented in V
The
Vickery et aal. (2000b,
2
2009a),
althhough the historical tracks
t
usedd in the prresent studyy and in V
Vickery et
a
al.(2000b,20
009a) differr.
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T see the adequacy of these eestimated cooefficients, tracks are simulated using the
To
d
developed
c
coefficients
and the raandomly selected hurriicane genessis (i.e., loccation and
d
date)
from the historiccal events recorded in HURDAT. When a siimulated traack makes
l
landfall,
thee filling-ratee model (i.e., model forr the decay of the centrral pressure difference
a
after
the stoorm makingg landfall duue to the unavailability of oceanic heat sourcee) given in
V
Vickery
(20005) was uused. Using the simulaated tracks, the mean and SD off four key
p
parameters
[i.e., (1) the annual occcurrence raate, (2) storm
m heading, (3) storm translation
t
v
velocity,
annd (4) centraal pressure ddifference] along the m
mileposts defined in Figgure 2.4(a)
a calculateed.
are

Figure 2.4. Milepoosts along thhe Atlantic coastline
c
(ree-plotted froom Vickery et al.
(2000b)), aand comparrison of statiistics from ssimulated annd historicall tracks at mileposts.
m
F the estim
For
mation of thhe statisticss, 100,000 yyears of hurrricane activvity are simuulated; the
v
values
of p used in thhe statisticss are the larrgest observved within tthe area deffined by a
c
circle
with a radius of 2250 km cenntered at thee milepost oof interest annd the valuees of other
p
parameters
are taken frrom the poinnt on the traack that is cllosest to thee site. The coomparison
i
indicates
that the directt use of the simulated ttracks does not lead thee statistics oof the four
k parameeters comparrable to those obtainedd from historrical tracks in HURDA
key
AT. This is
c
consistent
w
with the obsservation made
m
by Vickkery et al. ((2006, 20099a). To overrcome this
p
problem,
thhe above annalysis is reepeated but taking intoo account their
t
suggesstions (see
P
Page
303 inn Vickery eet al. 2009aa) by adjustting the seaa surface temperature in
i Gulf of
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Mexico region and the relative humidity for the northeast coastal region, and by
truncating the distribution of the track heading change.
In this case, the mean and SD of the four key parameters are calculated and compared in
Figure 2.4(b) with those directly estimated from the track records in HURDAT. The
comparison indicates that the statistics from the simulated tracks compare well with those
obtained from historical tracks.

2.3.2 Simplified track model
There are many coefficients for the track model that need to be estimated for each cell.
For a few cells, historical track data is scarce and it is unknown if the direct use of
spatially interpolated coefficients is adequate.
In an attempt to improve the fit, the geographic weighted regression (GWR) method
(Fotheringham et al. 2002) as implemented in ArcGIS is applied considering the track
model shown in Eqs. (2.11)-(2.13). The method borrows track information from
neighbouring cells or locations for the regression analysis. The analysis results indicate
that the use of Eqs. (2.11)-(2.13) leads to collinearity problem, implying that the
explanatory variables in the regression model should be reduced. This leads to the
subsequent simplified track model,
 ln c  a1  a2 ln ci  a3i  c

(2.15)

  b1  b2 ci  b3i  

(2.16)





ln( I i 1 )  d1  d 2 ln( I i )  d 3Tsi  d 4 Tsi1  Tsi   I

(2.17)

The model parameters ai, bi and ci in Eqs. (2.15) to (2.17) depend on the geographical
location. Unfortunately, the analysis carried out using the default setting in ArcGIS
showed that the track model obtained by using coefficients developed from GWR alone
does not lead to the statistics that match closely to those from historical tracks (Figure
2.4). Therefore, more detailed analysis with GWR, including potential adjustment for sea
surface temperature and relative humidity, is not pursued in the subsequent text.
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H
However,
t regression analysiss carried ouut for Eqs. (2.11) - (22.13) is reppeated but
the
c
considering
g Eqs. (2.155) - (2.17). Some of thhe obtainedd coefficiennts for Eq. (2.15) are
i
illustrated
inn Figure 2.55. Again, sppatial variatiion of the reegression cooefficients iss observed
i Figure 2.5 for Eq. ((2.15); thosse for Eqs. (2.16) - (2.17) are nott shown duee to space
in
l
limitations.
The SD off the residuaals shown inn Figure 2.55 is comparrable to thatt shown in
F
Figure
2.3, indicating that
t
the fit bby the simpplified trackk model, in terms of reesiduals, is
c
comparable
to those deefined by Eqqs. (2.11) - (2.13).
(

Figure 22.5. Illustrattion of some of the regrression coeffficients forr Eq. (2.15) for the
easterlyy and westerrly headed storms.
T assess tthe adequaccy of this simplified m
To
model, agaain, tracks ffor 100,0000 years of
h
hurricane
acctivities aree simulated.. The statisttics from thhe simulatedd tracks aree shown in
F
Figure
2.6. Comparisoon of the reesults shownn in Figurees 2.4 and 2.6
2 indicatees that the
p
performance
e of the sim
mplified moodel, in term
ms of the mean
m
and sstandard deviation, is
c
comparable
to that of thhe model deefined by Eqqs. (2.11)-(22.13).
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Figure 2.66. Compariison of statisstics from simulated annd historicall tracks at mileposts
m
consideriing the simpplified trackk model.

Figure 2.77. Samples of syntheticc tracks: a) 60 tracks coonsidering 660 geneses by
b using
Eqs. (2.12)) to (2.14); b)
b 60 trackss consideringg 60 genesees by using E
Eqs. (2.15) tto (2.17);
c) 100 trackks with the same genessis by using Eqs. (2.12) to (2.14); dd) 100 trackss with the
same genessis by using Eqs. (2.15) to (2.17).
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Figure 2.7 further illustrates the tracks simulated by using Eqs. (2.11) - (2.13) and by
using Eq. (2.15) - (2.17). Figure 2.7(a) shows 60 sampled tracks by using Eqs. (2.11) (2.13); each track is associated with a genesis. Figure 2.7(b) is the same as Figure 2.7(a)
except that the simulation is carried out using the model shown in Eqs. (2.15) - (2.17).
Comparison of the results shown in Figs 2.7(a and b) indicates that the tracks simulated
by the two track models exhibit similar statistical trend. Fig. 2.7 (c and d) present tracks
sampled by using the models shown in Eqs. (2.11) - (2.13) and in Eqs. (2.15) - (2.17),
respectively, but considering only a single genesis. The results illustrate the uncertainty in
the track prediction and the similarity in the variability of the tracks predicted by the two
models.

2.4 Comparison of the estimated extreme hurricane wind
speed
First, characterization is carried out for the annual maximum hurricane (3-s gust) wind
speed at a height of 10 m in open country terrain, V, by considering a hurricane wind
hazard model (HWHM), in this case HWHM 1, in which the wind field is defined by
Model A, and the track model is defined by Eqs. (2.11) - (2.13).
This is an attempt to mimic the ones given by Vickery et al. (2000b, 2009a). To estimate
the T-year return period value of V at a given site, denoted by VT, 100,000 years of
hurricane activity are simulated. The track and wind field models are combined to
calculate the wind speed at the boundary layer height above the sites of interest. For the
calculation, the position of the center of hurricane (i.e., low pressure center) is determined
from the simulated track at 15-min interval (along the track). The wind field for each low
pressure center is determined; the radius of the maximum wind speeds Rmax and B
required for solving the wind field model are calculated according to the information
given in Table 2.1. The hurricane wind speed at the boundary layer height is adjusted to
the gust wind speed at 10 m height using the boundary layer model and the gust factor
model (Table 2.1). Samples of the annual maximum wind speed (considering the tracks
fall within 250 km within the site of interest) are extracted from the calculated wind
speeds from hurricanes at each site. The samples are then used to construct the empirical
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probability distribution of V and to estimate the needed VT. To develop wind contour
maps, this analysis process is carried out for grid points or sites in a rectangular pattern
that are separated by 0.5o (in latitude or longitude) are used to cover the region of interest,
except that the grid points separated by 0.1o for the Florida panhandle are used to achieve
better resolution.
Table 2.1 Adopted models for Rmax, B, boundary layer wind profile and gust factor.
Model
Rmax

Notes
Rmax is calculated based on the model given in Vickery and Wadhera
(2008) (see also Eqs. (5) and (6) in Vickery et al. (2009a)). The model
weights the Rmax from storms located at Atlantic region and Gulf of Mexico
region based on the central pressure differences along the whole track. The
models for the Rmax at the two regions are probabilistic models.
B is calculated based on the equation given in Vickery and Wadhera (2008)
B
(see also Eqs. (2) and (3) in Vickery et al. (2009a)). The calculation of B
requires several parameters, including Rmax, the gas constant for dry air, sea
surface temperature, central pressure of the tropical cyclone; difference
between the pc and the far field pressure.
Boundary The wind speed variation along the height above the surface level is
layer wind defined by the Boundary layer wind profile model. In this study, the model
presented in Eq. (5) in Vickery et al. (2009b) is used. The boundary layer
profile
height parameter in the model is a function of inertial instability which is
model
given by Kepert (2001).
Gust
The gust factor is a function of the peak factor and turbulence intensity.
factor
The model given in Eqs. (1) to (9) in Vickery and Skerlj (2005) is
employed. In this model, the turbulence intensity for the marine condition
and for the over land condition differ. The peak factor considers the
differences between the standard deviations of the wind speed averaged
over different durations.
The contour map for VT is shown in Figure 2.8(a) for T = 50 and 500 years. In general,
the results shown in the figure are in agreement with those presented in Vickery et al.
(2009a). However, there are differences that can be attributed to the differences in the
track model. The fact that the track models used for estimating wind hazard maps were
developed based on different periods of historical hurricane track records and that the
final wind speed contour maps are relatively consistent demonstrated that the
methodology developed by Vickery et al. (2000b, 2009a) is robust.
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Figure 2.8.. Maps for VT (m/s) for different huurricane winnd hazard m
models: a) H
HWHM-1,
b) H
HWHM-2, and
a c) HWH
HM-3, and dd) HWHM-44.
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Rather than developing the hurricane wind hazard maps using HWHM 1, the following
alternatives are considered to investigate the influence of the wind field model and track
model on the estimated hurricane hazard maps:
The HWHM 2: same as HWHM 1, except that Model E is used for the wind field;
The HWHM 3: same as HWHM 1, except that Eqs. (2.15) - (2.17) are used for the track
model; and,
The HWHM 4: Model E is used for the wind field, and Eqs. (2.15) - (2.17) are used for
the track model.
For HWHM 2-4, the wind speed contour maps for V50 and V500 are shown in Figs. 2.8(bd). The comparison of VT obtained from the hurricane hazard models shown in the Figs.
2.8(b-d) indicates that they all exhibit similar trends.
The adopted wind field model mostly affects the estimated wind hazard for locations near
the coastline; the influence increases as the return period increases from 50 to 500 years.
For T = 50 years, HWHM 1 underestimates VT by about 2 to 4% as compared to that
obtained using HWHM 2. Similarly, HWHM 3 underestimates VT by about 2 to 4% as
compared to those obtained using HWHM 4. These values become 5 to 11% for T = 500
years. The increased difference for an increased T can be explained by noting that VT for
increased T is mostly affected by rare and extreme hurricanes, and that the relative


differences by neglecting uc  u s increases as the hurricane model parameters take the
values near the ends of their typical ranges (see discussion in the previous sections).
To further inspect and to better appreciate the differences among the estimated extreme
wind speed considering the four hurricane wind hazard models, the estimated VT along
the mileposts is presented in Figure 2.9. The effect of the wind field alone on VT can be
appreciated by comparing the results obtained by HWHM 1 and 2, and by comparing the
results obtained by HWHM 3 and 4. The relative difference between the estimates
obtained by using HWHM 1 and 2 is, on average, about 1% and the maximum relative
difference is about 5% for T = 50 years. These values become 5% and 12% for T = 500
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y
years,
respeectively. Thhe largest diifference waas observedd for T = 5000 years and for sites
n
near
the milepost 12500 and 1350, which are located in ssouthwest reegion of Floorida. The
c
comparison
n of the resuults obtaineed by usingg HWHM 3 and 4 leads to similaar relative
d
differences
as those by using HWH
HM 1 and 2.
T assess thhe influencee of the track model onn VT, the resuults obtaineed by using HWHM 1
To
a 3, as weell as the results obtainned by usingg HWHM 2 and 4. The comparisonn indicates
and
t
that
the relative differrence in thee estimates obtained byy using HW
WHM 1 andd 3 is, on
a
average,
aboout 3% andd the maxim
mum relativee differencee is about 100 % for T = 50 years.
T
These
valuees become 4% and 100%, respecttively, for T = 500 yeears. By coonsidering
H
HWHM
2 aand 4, similaar relative ddifferences aare observedd.

Figure 2.99. Comparisson of VT (m
m/s) estimateed based on four differeent hurricanne hazard
moodels: a) forr T = 50 yeaars, b) for T = 500 yearss.
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2.5 Co
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T effect of neglectinng uc  u s on the winnd field moodeling is qquantified; a potential
The
s
simplificatio
on to the trrack model is explored. The diffferences in the estimatted annual
m
maximum
hhurricane wind
w
speed based on ffour combinnations of wind field and track
m
models
are ppresented. The
T conclussions that caan be drawn from the nuumerical ressults are:


1) Neglectiing uc  us in the govverning equaation leads tto different w
wind field sshapes and
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translatiion speed off the hurricaane, uc , inccreases. Althhough the uunderestimattion in the
maximuum wind speeed is less tthan 3.5% for
f typical kkey hurricanne parameteers such as
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the central pressure difference (p), the underestimation could be increased if the
hurricane model parameters are taking the values near the ends of their typical ranges.
Also, a qualitative comparison of the calculated wind fields to the H*Wind, that are
obtained from reanalysis results rather than actual observations, shows that the


consideration uc  u s is preferable.
2) Analysis based on GWR method indicates that an existing track model could be
simplified by reducing the number of explanatory variables because of the collinearity.
Such a simplified hurricane track model is presented; its use results in the statistics of
several important parameters [i.e., (1) annual occurrence rate, (2) storm heading, (3)
storm translation velocity, and (4) central pressure difference] to be consistent with
those from historical tracks at mileposts along the coastline. Although a more
comprehensive analysis using the GWR and including environmental parameters,
such as the sea surface temperature and relative humidity, is beyond the scope of this
chapter, it does suggest that additional effort to investigate the track model could be
beneficial.
3) The trends of the maps for the estimated annual maximum hurricane wind speed VT
are similar for different combinations of wind field and track models. The relative
difference in VT by considering different wind field model is small for a return period
of 50 years, and can be in the order of 10% for a return period of 500 years. Similar
observations can be made by using two different track models. Considering the
uncertainties and assumptions involved in developing the hurricane hazard model, the
observed consistency demonstrated that the methodology developed by Vickery and
associates is robust.
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Chapter 3

3 Use of historical best track data to estimate typhoon wind
hazard at selected sites in China
3.1 Introduction
China is severely affected by the tropical cyclones (TCs) (i.e., typhoons). The regions
along the Chinese mainland coastline experience typhoon wind hazard; this is especially
the case for the southeast coastal region of China. One of the typhoon wind hazard
assessments was reported by Ou et al. (2002). Their assessment was focused on nine
major cities in the region using an approach similar to that employed to assess the
hurricane wind hazard by Georgiou (1985) and Vickery and Twisdale (1995a) for U.S.
The approach referred to as circular subregion method (CSM) consists of four tasks. The
first task in the CSM is to extract information from typhoon tracks that intersect and are
within a circle centered at the site of a specified radius. The second task is to characterize
the statistics of and to assign models for the main typhoon parameters: the annual
occurrence rate, heading, translation velocity, the minimum approaching distance, and the
central pressure difference. The third task is to adopt wind field model and pressure
profile model, and/or to develop the wind field database (if it is needed for computational
efficiency). The last task is to carry out extreme value analysis of the typhoon wind speed
affecting the site of interest, which is obtained based on Monte Carlo technique. The
results of Ou et al. (2002), which are obtained by adopting the wind field model given by
Batts et al. (1980), indicate that the typhoon wind hazard is not negligible for the
southeast coastal region of China. For example, they reported 50-year return period value
of the (10-min mean) typhoon wind speed at 10 m height for Shanghai equals 33.85 or
36.24 m/s for site condition A, and 28.77 or 30.80 m/s for site condition B, where the site
conditions A and B in Chinese code (GB-50009 2012) approximately relate to the over
exposure and open country terrain, respectively. The first and second values for each case
are obtained by adopting different distributions fitted to the simulated values. These
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values are similar to those estimated by Tao et al. (2001) based on the surface wind
observations.
The assessment of the typhoon hazard for Shanghai was also carried out by Zhao et al.
(2005). Their study was focused on the evaluation of the reasonable range of some of the
main typhoon parameters for Monte Carlo simulation and adopted the wind field model
given by Meng et al. (1997). They consider that Holland pressure profile parameter, B, is
uniformly distributed between 1.0 and 1.75. Their estimated 50-year return period value
of 10-min mean wind speed at 10 m height for Shanghai by considering the roughness
length z0 equal to 0.08 is 39.7 m/s, which is about 32% higher than the code value of 30
m/s for z0 = 0.05 (GB-50009, 2012). The assessment of B applicable to Western North
Pacific (WNP) and the Chinese mainland coastal region was given by Lin and Fan
(2013). They concluded that for typhoons making landfall B tends to be higher at lower
latitude and decreases from south to north.
A more recent major study of the typhoon wind hazard for the southeast coastal region of
China was reported by Xiao et al. (2011). In this case, the assessment is focused on 11
major cities in the mentioned region. Again, the analysis is carried out based on the CSM
but using the wind field model originally developed by Chow (1971) and modified by
Thompson and Cardone (1996). They indicated that the primary source of data used in
their study is the best track dataset from China Meteorological Administration (CMA) for
typhoon occurred from 1949 to 2008. Xiao et al. (2011) indicated that the data used
contains standard typhoon information given at 6 hours interval and is gathered from
several sources. The application of the CSM resulted in the return period values of the
annual maximum typhoon wind speed for 11 cities considering a roughness length z0 of
0.02 m. Their estimated 50-year return period value of the annual maximum 10-min mean
wind speed at 10 m height caused by typhoons equals 43.24 m/s for Shanghai, which is
greater than the code recommended value of 30 m/s (GB-50009 2012). This value is also
greater than that reported in Ou et al. (2002) for the site condition B (defined in Chinese
code); this is the case even after adjustment for the roughness length as well be discussed
in the subsequent sections. Although the main factors causing this increase as well as the
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preferred set of estimations are unknown, it must be noted that the wind field models in
the two studies differ. Further comparison of the differences for additional sites will be
discussed together with the results obtained in the present study.
It is noted that directly downloadable best track datasets are available at present from
several websites. Ying et al. (2013) discussed the similarity of the available best track
datasets, and the characteristics of the CMA TC best track dataset. The availability of the
data is essential to validate the existing typhoon wind hazard and to develop new
approaches for assessing typhoon wind hazard.
The present study is focused on the estimation of typhoon wind hazard for nine cities
located within the coastal region of mainland China. For the analysis, the CSM is
adopted. The best track dataset from the CMA is employed to develop probabilistic
models for major parameters describing the typhoon activities within a specified region.
The wind field solution procedure is the one discussed in Chapter 2, which is based on the
wind field model developed and applied by Chow (1971), Thompson and Cardone
(1996), and Vickery et al. (2000a, 2009). The return period values of the extreme typhoon
wind speed for nine major cities are estimated and are compared to those reported by
others and by Chinese design code.
It must be emphasized that the use of the TC track from genesis to lysis (Vickery et al.
2000a, b; Powell et al. 2005; James and Mason 2005; Emanuel et al. 2005; Hall and
Jewson 2007; also in Chapter 2) is widely considered to estimate the hurricane wind
hazard for costal region in US. However, this approach is not considered in this study;
this is because the hazard assessment is focused on selected sites rather than an extended
region that could experience wind hazard due to the same TC events.

3.2 Database and characteristics of typhoon track alone the
coastline
Tropical cyclone best track datasets for the WNP basin are provided by several
organizations (Ying et al. 2013): the CMA, the Hong Kong Observatory (HKO), the
Regional Specialized Meteorological Center (RSMC) in Tokyo, and the Joint Typhoon
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Warning Center (JTWC) of the US Navy. The datasets are also included in the
International Best Track Archive for Climate Stewardship (IBTrACS) project (Knapp et
al. 2010), which is an official World Meteorological Organization (WMO) global
archiving and distribution resource for TC best track data. The IBTrACS is an excellent
resource, but it may be inhomogeneous in time and space, partly, because of the basin-tobasin variability. Even within the same basin, the TC best tracks data reported by
different agencies are inconsistent. An overview of the TC best track dataset given by the
CMA is presented by Ying et al. (2013). All available information from the TC best track
dataset by the CMA is considered for the numerical analysis presented in the following.
The dataset (http://tcdata.typhoon.gov.cn/en/index.html, accessed January 2014) contains
TC information since 1949, and includes two parts: the TC best track dataset and its
supplementary data, and the TC-induced wind and precipitation observation dataset for
the land area of China (which is not available at present). The TC best track dataset is
focused on the TC occurring in the WNP basin and South China Sea region; the location
and minimum sea level pressure are given every six hours for each track.
To appreciate the statistical characteristics of the typhoon activity from the dataset, the
kilometer post (KP) are defined along the coastline of mainland China as shown in Fig.
3.1; the consideration of the islands of China is outside of the scope of this study. The
distance between two adjacent KPs equals 100 km. For each of the KP, the main
statistical characteristics of typhoon track parameters are evaluated: the annual
occurrence rate, heading, translation velocity of typhoon, central pressure difference and
the minimum approaching distance, denoted by a, , uc,p and Dmin, respectively. The
heading represents the angle between the direction of translation and the true north and
is positive for the clockwise angle; Dmin is defined as positive if the site of interest is
located on the right side of the typhoon’s translation direction. The results of this
evaluation are used as a guide to judge the adequacy of the radius adopted for the CSM to
assess the typhoon wind hazard for selected sites.
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o the trackss (a, , uc,p and Dminn) are shownn in Fig. 3.22. The obserrvations are:
of
1) The annuual occurrennce rate is sppatially varyying along tthe coastlinee. This rate represents
the annuual average nnumber of typhoons
t
inntersect the circle centeered at the cconsidered
KP (withh R = 250 km
m). The highhest rate is slightly
s
> 4.

Figure 3.1.. Definition of kilometeer post (KP)) for evaluatting the statiistical charaacteristics
of typhoon along the ccoastline of mainland
m
China and tw
wo islands.
2 The meaan heading of
2)
o the typhooons ranges from -54° tto 30°. The standard deeviation of
the headiing is relativvely consisttent as com
mpared to thee mean. Furrther inspecttion of the
histogram
m of  shoows that it often exhiibits bimoddal characteristic, whicch will be
discussedd shortly forr selected siites.
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3) Both the mean and standard deviation of uc tend to increase as the location of KP
moves towards northeast. This indicates that typhoons that make landfall in the
southern China are, on average, moving slower and with less variability.
4) There are steeper changes in the mean and standard deviation of p for region with
latitude within about 28° N to 32° N as compared to the region outside of this latitude
interval. The intensity of typhoon increases as p increases. Since the mean of p for
region with latitude north of 32°N is smaller than that for region with latitude south of
28° N, the typhoon wind hazard for the former is likely to be smaller than that for the
latter.
5) The spatial variation of mean and standard deviation of Dmin is more pronounced as
compared to those for a. The mean of Dmin is close to zero, indicating that the
typhoon tracks almost equally likely to pass from left or right sides of the some
locations.
To investigate whether the above-listed conclusions are sensitive to the value of R used in
extracting the typhoon information, the analysis carried out for R = 250 km is repeated for
R equal to 150, 200, 300 and 350 km. The estimated statistics are also shown and
compared with those obtained for R = 250 km in Fig. 3.2. The results indicate that the
observations drawn from the results for R = 250 km are equally applicable to the range of
R values considered. Moreover, it is somewhat surprising that the mean and standard
deviation of , uc andp and the mean of Dmin, are not sensitive to R. The standard
deviation of Dmin increases as R increases as shown in Fig. 3.2. This is expected since an
increase in R leads to include typhoon tracks with increased Dmin. The change in the
magnitude of a is expected since the number of the segments of typhoon tracks that
intersect (or are within) a circle depends on R; an increased R leads to an increased a.
The ratio of a for a given R to that for R = 250 km, denoted as ra (R), is shown in Fig.
3.3. Note that ra (500) is also calculated and shown in the Fig.3.3 for comparison
purpose, since R = 500 km was employed by Xiao et al. (2011). The value of ra (500)
ranges approximately within 2 to 3 (Fig.3.3). The average of this range is greater than the
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r
ratio
of the radii (i.e., 5500/250=2) and is less than the rattio of the arreas of the cconsidered
c
circles.

Figure 3.22. Statistics of several ttyphoon tracck parameteers (symbolss for b) to e)) are the
same as thoose shown iin a)): a) Annnual occurrrence rate; b)
b Storm heaading; c) Trranslation
speed; d) C
Central pressure differeence ; e) Minnimum apprroaching disstance. Linees in plots
b) too e) represeent the samee cases as those in plot aa).
B
Based
on thhe results shhow in Fig. 3.2 and 3.33, it is reasoonable to usee R rangingg from 200
t 300 km, with a typpical value of 250 km
to
m, to estimaate the typhhoon wind hhazard for
s
selected
sitees in the foollowing secctions. The consideratiion of such a range is consistent
w the vallues used byy others (V
with
Vickery et all. 1995a, 19995b, Ou et al. 2002). M
Moreover,
t selectionn of a typicaal R of 250 km is also jjustified sinnce the radiuus to the maaximum 2the
m
minute
meaan wind speed of 25.77 m/s for thhe tropical storms in the southeaast coastal
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r
region
of China
C
is mosstly within 250
2 km (Yuuan et al. 20007), and thhat the 50-yyear return
p
period
valuee of annual maximum 110-min typhhoon mean wind
w
speed is likely to be greater
t
than
about 330 m/s for ccoastal citiess (GB-500099 2012).
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Figure 33.3. Estimatted ratio of annual occuurrence rate, r(R).

3
3.3 Sta
atistical ccharacte
eristics o
of typhoo
on trackk around
sellected ciities in th
he coasttal regio
on
T typhoon wind hazard analysiss is carried out for ninee selected m
The
major cities located in
t southeaast coastal rregion of China.
the
C
The names of the nine ciities as welll as their
g
geographic
locations arre shown in Fig. 3.4.

Name of
City

Latitude
(degree)

Longitude
(degree)

Shanghai

31.2333

121.4833

a for
R=250
km
1.36

Ningbo

29.8667

121.5167

1.63

Wenzhou

28.0167

120.65

1.97

Fuzhou

26.0833

119.3

2.78

Xiamen

24.4833

118.1

2.98

Guangzhou

23

113.2167

2.94

Shenzhen

22.55

114.1167

3.25

Hong Kong

22.3

114.1667

3.48

21.2713

110.3608

3.89

Zhanjiang

Figure 33.4. Locatioons of nine cities
c
considdered in thiss study
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For the analysis, consider the location representing Shanghai. By extracting the
information for the typhoon track segments that intersect with and fall within the circle
centered at the site of interest with diameter of 250 km, samples of , uc, p and Dmin are
obtained and shown in Fig. 3.5 in the form of histogram, and the annual occurrence rate
within the considered circle, a, is calculated and listed in Fig. 3.4. The mean and
standard deviation of (, uc,p, Dmin) are calculated and also included in Fig. 3.5(a-d),
respectively. An inspection of the results shows that the estimated a = 1.36 for Shanghai
shown in Fig. 3.4 is comparable to that presented in Fig. 3.2 for the coastline near
Shanghai. This rate is smaller than that reported by Xiao et al. (2011), which equals 2.74
for R = 500 km, as expected. The ratio of the latter to the former equals 2.01, which is
slightly smaller than ra (500) shown in Fig. 3.3 for the location near Shanghai.
The histograms depicted in Fig. 3.5 indicate that uc and p are positively skewed, 
appears to be bimodal, and Dmin may not necessarily be uniformly distributed. These
observed shapes of the histograms are consistent with those reported in Ou et al. (2002)
and Xiao et al. (2011). However, the statistics of the parameters differ from those
reported by these references. For example, the mean value of p derived from its
probability distribution given by Ou et al. (2002) for Shanghai equals 31 hPa. Distribution
fitting using the models listed in Table 3.1 and samples associated with Fig. 3.5 is carried
out by using the maximum likelihood method. The best-fit distributions judged based on
the Akaike information criterion (AIC) (Akaike 1974) for p and Dmin are obtained. The
Weibull distribution or the lognormal distribution can be the preferred model for p
depending on the considered site, and for all sites the trapezoidal distribution is preferable
than the quadratic distribution and uniform distribution for Dmin. The model parameters
for the best-fit distributions for Shanghai are shown in Table 3.2, and the fitted
distributions are presented in Fig. 3.6, showing that the fits by using the referred
distributions are adequate.
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Figure 3.5. Hisstograms of several typhhoon track pparameters for Shanghaai.
T see the effect of R on the prrobability ddistribution model paraameters, thhe analysis
To
c
carried
out for R = 2500 km is repeeated but for R = 200 aand 300 km. The resultts obtained
a also inccluded in Taable 3.2 andd Fig. 3.6. Comparison
are
C
n of the resuults shown iin Fig. 3.6
i
indicates
thhat in all caases the addequacy of the fit is ssimilar. Thee changes iin best fit
d
distribution
parameterrs are not very largee, except tthose for Dmin because of the
d
dependency
y of standarrd deviationn of Dmin too R. Analysis similar too that carried out for
S
Shanghai
is performeed for the remaining eight citiees depictedd in Figuree 3.4. An
i
illustration
of the prefeerred fitted distributionn is shown iin Fig. 3.7 for R = 2500 km. The
c
conclusions
s drawn from
m the fittinng results foor the otherr eight citiess are similaar to those
d
drawn
from
m the results for Shanghhai. Howeveer, it is notedd that the prreferred moodel for p
i not alwayys Weilbull. For p, thhe Weibull ddistribution is preferredd model forr only five
is
o of the nnine consideered sites, while
out
w
the loognormal distribution iss the preferrred model
f the rem
for
maining fourr sites. The effect of uusing one orr the other model for p on the
t
typhoon
winnd hazard w
will be assessed in the nnext section.
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Table 3.1 Distribution models considered for the parameters of typhoon track.
Distribution
type
Lognormal

Mathematical equation

f ( x) 

 1  ln x    2 
1
exp   
 2    
x 2 



where  and  are mean and standard deviation of lnx, respectively.
Binormal

 1  x   2 
 1  x   2 
1
1
1
2
  1  a 
f ( x)  a
exp   
exp   
 
 2  1  

2

2 1
2

2

 
2




where a, and i and i , i =1 and 2 are the model parameters.
Weibull

Uniform,
trapezoidal,
and
quadratic

k 1

k
k  x
 x a 
x  0,
  e
aa
where a and k are model parameters.
 1
xR

x  b, a 
y
 0,1

 2ay  (1  a )
f ( x)   b  a
, f ( y)  
2R
 0

others
0
others
,
,
xR

2
y
 0,1
 3ay  2by  (1  a  b )
f ( y)  
2R

0
others
where a and b are model parameters for the adopted model.

f ( x) 

Table 3.2. Distribution parameters for Shanghai by considering different R values.
Variable and
distribution type

, Bi-normal

uc, Log-normal
ΔP, Log-normal
Dmin,Trapezoidal

Distribution
parameter
a1
1
1
2
2
μ
σ
μ
σ
a

R (km)
250
0.23
-62.39
25.17
20.50
27.38
1.76
0.52
2.86
0.61
-0.10

200
0.25
-62.19
26.69
25.14
25.37
1.78
0.51
2.83
0.59
0.11

300
0.26
-63.40
25.62
19.36
29.61
1.72
0.57
2.88
0.65
-0.36

59

Figure 3.6. Em
mpirical and fitteed cumulative distributions
d
for , uc, p, and Dmin consideringg the site represeenting Shanghai with R =
250 km (first ro
ow), R = 200 km
m (second row) and
a R = 300 km
m (last row)
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Figure 3.7. Em
mpirical and fitted cumulative diistributions (prefferred) for , uc, p, and Dmin considering seveeral sites with R = 250 km
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pirical and fitted
d cumulative disstributions (prefferred) for , uc, p, and Dmin co
onsidering seveeral sites with R = 250 km.
Figure 3.7. Emp
(
(continued)

62

Figure 3.7. Empirical and fitted cumullative distributio
ons (preferred) for
f , uc, p, an
nd Dmin considerring several sitess with R =
2 km. (continu
250
ued)
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3.4 Estimated typhoon wind hazard at selected sites
3.4.1 Wind field model
Besides of the typhoon track modeling, a wind field model is needed to estimate the
typhoon wind hazard. The model adopted in this study is the one originated from Chow
(1971), and subsequently, modified and/or enhanced by Cardone et al. (1992), Thompson
and Cardone (1996), Vickery et al. (2000a, 2009), and in Chapter 2. The wind field
model is governed by,


us 
1
 

  
 C    
 uc us  us us   fkˆ  us  uc  ug   pc     KH us   D us  uc us  uc 
t

h
(3.1)


where us m/s is the wind velocity relative to the moving center of the vortex, uc m/s is


the storm translation velocity, u g m/s is the wind velocity resulting from the large-scale
pressure field, f rad/s is the Coriolis parameter equal to 2 sin  at latitude  in degrees
in which  rad/s represents the rotation of the Earth with magnitude 2π/day, kˆ is the
unit vector in the vertical direction,  kg/m3 is the density of air, pc Pa is an axisymmetric
pressure field, KH is the horizontal eddy viscosity coefficient, CD is the surface drag
coefficient and h m is the depth of the planetary boundary layer. In writing Eq. (3.1), it is
considered that the total pressure p = pc + pg, where pg represents the large-scale pressure
field, and it is assumed that,


pg  fkˆ  ug .

(3.2)

For the numerical solution of Eq. (3.1) by the finite difference method, it was noticed that


the term uc  u s in Eq. (3.1) was neglected in Thompson and Cardone (1996), and in



Vickery et al. (2000a). The study in Chapter 2 showed that neglecting uc  u s could
affect the estimated wind speed and the position of the maximum wind speed with respect
to the translation direction of tropical cyclones.
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To use the wind field model for typhoon hazard assessment, additional models including
the boundary layer wind profile, the models for estimating the radius of maximum winds
Rmax and Holland pressure proﬁle parameter B to define the pressure profile, and the
filling-rate model need to be developed and employed. In this study, the assembled wind
field model parameters and the solution procedure described in Chapter 2, except those
discussed in the following, are adopted. Note that the boundary layer wind profile model
given in Eq. (3.5) in Vickery et al. (2009) with the boundary layer height parameter given
in Kepert (2001) is employed; and the ratio of the 10-min mean wind speed to hourlymean wind speed equal to 1.06 is applied. This adopted boundary layer wind profile
model considers the sea to land transition effect.
It is noted that Xiao et al. (2011) developed models for Rmax and B based on typhoon
affecting mainland China and some available empirical information given in Chinese
literature. These models are:

ln Rmax  c0  c1p   lnRmax

(3.3)

and

ln B  d 0  d1 ln Rmax  lnB

(3.4)

where c0 and c1 are model coefficients; lnRmax is a zero mean normal variate; d0 and d1
are model parameters and lnB is a zero mean normal variate. Values of these parameters
and the standard deviations of lnRmax and lnB can be found in Xiao et al. (2011). These
models differ from those given in Vickery and Wadhera (2008). In particular, two of their
models for Rmax (km) and B are:

ln Rmax  3.015  6.291  105 p 2  0.0337  lnR max

(3.5)

where p is in hPa, the standard deviation of lnRmax, ln Rmax equals 0.448 for p  87 hPa ,

1.137  0.00792p for 87 hPa  p  120 hPa , and 0.186 for p  120 hPa ; and,

B  1.833  0.326 1000 fc Rmax  B ,

(3.6)
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w
where
the sttandard dev
viation of B,  B , equalls 0.221.
F the site representinng Hong Ko
For
ong, a comparison of th
he models fo
or Rmax show
wn in Eqs.
(
(3.3)
and (33.5) is plotteed in Fig. 3.8(a); and a comparison
n of B valuees calculatedd by using
E (3.4) annd (3.6) is presented
Eqs.
p
in
n Fig. 3.8(b).

Figure 3.8. Comparison
n of the estiimated Rmax and B: a) th
he estimatedd Rmax valuees by Eqs.
(3.3) and (3
3.5); and b) estimated B values by Eqs. (3.4) aand (3.6).
T mean vvalue and sttandard devviation of Rmax predicteed by Eq. (33.3), for p less than
The
a
about
60 hP
Pa, are larger than thosee predicted bby Eq. (3.5)) as seen in Fig.
F 3.8(a). The mean
v
value
of Rm
d by Eq. (3.3
3) for relativvely small p is much ggreater than
n the range
max predicted
o 25 to 500 km obserrved from aaircraft recoonnaissancee for Westeern North P
of
Pacific for
t
typical
matuure typhoonns (Weatherfford and Grray 1988). A further insspection of tthe results
g
given
in Xiiao et al. (22011) indiccates that itt is unclearr which of the functio
onal forms
s
shown
in E
Eqs. (3.3) annd (3.5) foor their dataa are preferrable. The results
r
show
wn in Fig.
3
3.8(b)
indiccate that thee mean of B estimated by
b using Eq
q. (3.4) is m
much greaterr than that
p
predicted
b Eq. (3.6)). Although
by
h the rangee of B valuues is withiin that suggested by
H
Holland
(19980), Vickerry et al. (20
000b) and Willoughby
W
aand Rahn (22004), the ddifferences
b
between
thee predicted B values deepicted in Fiig. 3.8(b) arre large. Mo
oreover, the results of
L and Fan
Lin
ng (2013) suuggest that the
t mean off B for typhoons that make
m
landfalll in China
r
ranges
from
m 1.01 to 11.33; they also indicatted that thee model giiven by Vicckery and
W
Wadhera
(22008) is preeferred. Thee range of B for Shangghai in Zhao
o et al. (200
05) is also
s
smaller
than
n that prediicted by Eqq. (3.4). Theerefore, in tthe remainiing part of this study
o
only
Eqs. ((3.5) and (33.6) are con
nsidered, annd the rangee of B valuues within 00.8 to 2.5
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recommended in Xiao et al. (2011) is considered.
The functional form for the filling-rate model used in Vickery and Twisdale (1995b) and
in Vickery (2005) is given by,
p (t )  p0  exp   at 

(3.7)

where p(t) is the central pressure difference at time t since the storm making landfall;
p0 is the central pressure difference at the time of landfall; a = a0 + a1p0 + a; a0 and a1
are model coefficients; and a is a zero mean normal variate.
By following the procedure employed to estimate the parameters for the filling-rate
model in Vickery (2005), analysis for the filling-rate model is carried out using the best
track dataset from CMA. In an attempt to take into account the effect of Taiwan Island on
the typhoons that make landfall in mainland China, the entire coastal region of the
mainland China is subdivided into three regions: a region with latitude that is north of
25.3o N, a region with latitude within 22o N and 25.3o N and a region with latitude that is
south of 22o N. The latitude values for dividing the subregions correspond approximately
to those associated with the northern and southern ends of Taiwan. The coefficients of the
filling-rate model obtained for the three regions are listed in Table 3.3.
Table 3.3. Coefficients of the filling-rate model shown in Eq. (3.7).
a1
Subregion
a0
a
North of 25.3oN
0.0084 0.00086 0.0261
Within 22oN and 25.3oN 0.0323 0.00061 0.0358
South of 22oN
0.0341 0.00048 0.0409
Similar to Vickery et al. (2000a), the numerical solution to Eq. (3.1) is fitted and stored in
wind field database to be used with the track information to assess the typhoon wind
hazard. For illustration purpose, five calculated wind field for selected sets of parameters
are illustrated in Fig. 3.9. The results show that the maximum wind speed increases as B
or p increases; uc influences the degree of asymmetry of the wind field; and Rmax affects
the wind profile along the radial axis.
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Figure 3.9. Illustration of the calculated wind field for selected model parameters of a) Δp
= 55 hPa, uc = 5m/s, Rmax = 50000 m, B=1.0; b) same as a) but Δp = 75 hPa; c) same as a)
but Rmax = 30000 m; d) same as a) but uc = 10m/s; e) same as a) but B=1.5. The storms
translate vertically and upwards in the plan of the page. The number shown along the
axes represents the distance normalized with respect to Rmax.

3.4.2 Simulation procedure for assessing typhoon wind hazard
The last task of the CSM is to estimate extreme value of the typhoon wind speed
affecting the site of interest that is obtained based on Monte Carlo technique. The
simulation for the circle centered at the site of interest with radius R is carried out for
each year by:
1) Sample the number of typhoons in each year that is modeled as a Poisson process
with the annual occurrence rate a.
2) For each track, calculate the maximum typhoon wind speed for the site by:
2.1) Sample Dmin, , uc and p, according to their assigned probability distributions;
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2.2) Determine the intersection points of the track with the considered circle, and find the
locations of the typhoon center along the track starting from the first intersection
point and with 15 minutes increment;
2.3) Apply the developed filling-rate model to determine p at each location inland
determined in Step 2.2). Evaluate Rmax and B using Eqs. (3.5) to (3.6) that are needed
to define the radial pressure profile. Extract the wind field from the wind field
database according to the track information at each point determined in Step 2.2);
and
2.4) Evaluate the wind speed at the site of interest by considering the boundary layer
model.
3) Collect the maximum typhoon wind speed at the site due to each track and extract
the annual maximum typhoon wind speed to form the time series of the annual
maximum 10-min mean wind speed at 10 m height caused by typhoons, VA. Use the
empirical probability distribution of the annual maximum time series to find the
return period value of VA.

3.5 Return period value of the annual maximum typhoon
wind speed
3.5.1 Effect of the modeling of the central pressure differences and
comparison with existing results
For the base case, this study considers that R = 250 km, Dmin is distributed according to
the trapezoidal distribution and p is Weibull distributed. Furthermore, it is considered
that z0 = 0.05 m is representative for the standard site condition B suggested by the
Chinese code (GB-50009 2012).
To obtain adequate number of samples, the simulation for each considered site is carried
out for 10,000 years. The empirical distributions for the considered sites are shown in
Fig. 3.10 in Gumbel probability paper. No attempt is made in fitting a probability
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distribution to the samples shown in the figure. This is to avoid any potential error caused
by selecting an inadequate distribution model to estimate the return period values of VA,
vT, where T denote the return period. However, a visual inspection of the plots indicates
that the Gumbel model may not be adequate for VA if p is modeled as a Weibull variate.
The identified vT from the empirical distribution functions shown in Fig. 3.10 is
summarized in Table 3.4 for T = 50 and 100 years.
Table 3.4. Typhoon wind hazard for return period of 50 and 100 years.
50 year
City

Design
Codes

Ou et al.
(2002)

Xiao et al.
(2011) for z0
(m)
0.02

Shanghai
Ningbo
Wenzhou
Fuzhou
Xiamen
Guangzhou
Shenzhen
Hong Kong
Zhanjiang

30
28
31
33
36
28
35
38/39
36

29/31
29
31
30
30
30
-30/36
--

43
42
44
44
42
38
40
41
39

Shanghai
Ningbo
Wenzhou
Fuzhou
Xiamen
Guangzhou
Shenzhen
Hong Kong
Zhanjiang

31
31
33
37
39
31
38
39
39

33/35
34
36
34
35
34
-34/41
--

48
45
49
48
47
42
44
45
42

0.05

39
38
40
40
38
34
36
37
35
100 year
44
41
44
44
42
38
40
41
38

This study.
Δp
is modeled using
Weibull

Lognormal

28
30
33
32
34
28
34
36
35

29
31
35
34
36
30
37
38
37

31
33
36
35
37
30
36
38
37

32
35
38
37
40
33
41
42
40

Note: Unless otherwise indicated, the wind speed shown in the table represents 10-minute mean
wind speed at 10 m height for z0 = 0.05 m. The values in bold from this study represent those
obtained using the preferred distribution for p; they are considered as preferred estimates. The
first and second value showing in the column denoted as Design Code is from GB-50009 (2012)
for open terrain condition and from HKBD (2004) for open sea terrain condition, respectively. In
some cases, Ou et al. (2002) provided two values for a site; the first one is obtained by adopting
Weibull distribution for VA, and the second one by adopting Gumbel distribution for VA.
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Before carrying out the comparison of the results with those found in the literature, it is
noted that the lognormal is preferred for p for four out of nine locations. Therefore, it is
desirable to repeat the analysis carried out for the base case but considering p as a
lognormal variate to investigate the sensitivity of vT to probabilistic model for p. The
obtained empirical distributions of the annual maximum wind speed for the considered
locations are also shown in Fig. 3.10 and Table 3.4.
The results show that the empirical distribution of the annual maximum typhoon wind
speed follows approximately the Gumbel distribution if p is modeled as a lognormal
variate. The comparison shown in Fig. 3.10 and Table 3.4 indicates that vT estimated
based on lognormally distributed p is greater than that based on Weibull distributed p.
The relative differences are up to 8% for T = 50 years, and up to 12% for T = 100 years.
The relative differences increase as T increases. These differences can be important for
structural design under wind load and need to be scrutinized using different best track
datasets in a future study.
To verify the adequacy of the estimated vT, it is noted that Holmes et al. (2009) showed
that the estimated 50-year return period value of the hourly-mean wind speed (caused by
Typhoons) for open terrain condition at 200 m height equals 47.5 m/s, which is less than
the code value (HKBD 2004). Their estimate is obtained based on historical surface wind
observations. By adopting power law wind profile with the exponent of 0.11 and the ratio
of 10-min mean to hourly-mean wind speed equal to 1.06, the estimated 10-min mean
wind speed at 10m height equals 36.2 m/s. The estimated vT in this study shown in Table
3.4 (which equals 36 m/s if the preferred model for p is used) compares favourably to
this value. Moreover, it is noted that vT reported by Tao et al. (2001) based on the
historical surface wind observations and distribution fitting equals 31.3, 32.2 and 28.3
m/s for T = 50 years, and 33.3, 35.0, and 29.4 m/s for T = 100 years, if the Pearson type
III, Gumbel and Weilbull distributions are adopted for the distribution fitting,
respectively. Unfortunately, there is neither detail on the comparison of adequacy of the
fit nor original historical data made available. The estimated vT in this study shown in

71

Table 3.4 which equals 29 m/s for T = 50 years and 31 m/s for T = 100 years are within
those given by Tao et al. (2001).
The above comparison with those based on surface observations for Shanghai and Hong
Kong validates the values estimated and the procedure employed in this study. To
identify the differences between the results of this study and those in the literature, this
study included the estimated return period values given in Ou et al. (2002), Xiao et al.
(2011), Chinese code (GB50009 2012) and HKBD (2014) in Table 3.4. The values
reported by Chinese code (GB50009 2012) and Ou et al. (2002) are for site condition B
that is considered to correspond to z0 = 0.05 m. Since the value given by Xiao et al.
(2011) is for z0 = 0.02 m, for consistency, these values are converted to those for z0 =
0.05 m using logarithmic wind profile (Dyrbye and Hansen 1996).
The results shown in Table 3.4 indicate that:
1. The preferred estimate of v50 in this study is greater than or equal to that recommended
in codes for all considered sites, except for Shanghai and Shenzhen where the
difference is about 1 m/s for T = 50 years, and for Hong Kong where the value is equal
to that reported by Holmes et al. (2009). For the sites where the code values are lower
than the preferred estimates, the differences are up to 6.8% for T = 50 and 7.8% for T
= 100 years. The largest differences are for Ningbo and Wenzhou.
2. The estimated v50 in this study is consistently greater than or equal to those reported in
Ou et al. (2002), except for Shanghai and Guangzhou.
3. The estimated vT is comparable to that reported by Xiao et al. (2011) for cities located
in the south of Xiamen. However, for cities located in the north of Xiamen the values
given by Xiao et al. (2011) are much greater than those obtained in this study or
recommended by Chinese code. Part of this difference is likely due to the observed
differences in the models for B shown in Fig. 3.8.
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The above observations could be important for updating the typhoon wind hazard in
design codes since detailed information on the analysis leading to the recommended wind
speed values for the coastal region is unavailable in the open literature and the historical
surface wind observations for typhoon wind speeds is short.

3.5.2 Effect of the subregion size and distribution model for Dmin
The estimation carried out for R = 250 km in the previous section is repeated by
considering R = 200 and 300 km. In all cases, the difference in vT estimated by using
different R =200 or 300 km to the corresponding value estimated by using R = 250 km is
within 5%.
Similarly, this study maintains the same condition as those used to estimate the values
shown in Table 3.4, except the probability distribution of Dmin is replaced by the uniform
distribution. Again, in all cases, the differences in estimated vT values by using the
trapezoidal distribution and by using the uniform distribution are < 2%.

3.6 Conclusions
An assessment of typhoon wind hazard for nine major cities located in the coastal region
of mainland China is carried out. The assessment is based on the CSM and uses typhoon
wind field and track models. The adopted wind field model is the well-accepted model
used to assess hurricane hazard implemented in ASCE code. The probabilistic
characterizations of typhoon tracks for a subregion with radius R around the site of
interest are carried out using the best track data from CMA. Statistical analysis shows
that the mean and standard deviation of the storm heading, translation velocity, and the
central pressure difference are insensitive to R. Similarly, the mean of the minimum
approaching distance, Dmin, is insensitive to R; the standard deviation of Dmin and the
annual occurrence rate of typhoon within the considered circle increase as R increase,
which is expected. The distribution fitting indicates that the preferred model for p is the
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Weibull distribution for five out of the nine considered sites, while the lognormal
distribution is the preferred model for the remaining sites.
The results show that the estimated wind hazard is relatively insensitive to the size of the
subregion considered, but it is affected by the adopted probability distribution model for
p as the return period increases. The estimated wind hazard for Shanghai and Hong
Kong is comparable to those based on surface wind observations found in the literature,
which validate the values estimated and the procedure employed in this study. The results
also shown that the code recommended return period values for several cities are lower
than those obtained in this study by up to 8%. The largest differences are for Ningbo and
Wenzhou.
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Figure 3.9. Empirical distribution of annual maximum typhoon wind speed based
on simulated samples.
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Chapter 4

4 Typhoon wind hazard estimation for coastal region in
mainland China
4.1 Introduction
Tropical cyclones (TCs) affect the coastal region of mainland China. The direct economic
loss due to TCs in China is about 25 billion yuan (i.e., RMB = Ren Min Bi) per year from
1983 to 2008 and is increasing (Zhang et al. 2009, Xiao and Xiao 2010). Strong tropical
cyclones are known as typhoons in China (GB/T19201-2006 2006). Typhoon hazards are
often characterized in terms of extreme wind speed, storm surges and rainfall. Typhoon
season is from May to November but occurs most frequently during July to September in
the region. There are about eight or nine typhoons that make landfall per year. Chinese
structural design code (GB 50009 2012) explicitly states that both the synoptic and
typhoon winds are considered in specifying the design wind load. However, the
estimation of the return period values of the typhoon wind speed is not elaborated in the
code. The estimation is not straight forward due to the unavailability of sufficient
temporal and spatial surface observations of extreme typhoon wind speeds. Moreover, the
direct use of the maximum sustained wind speed reported in the best track dataset (Ying
et al. 2014) to estimate the return period value of the annual maximum typhoon wind
speed can be too conservative since this maximum wind speed of a TC applies only to a
small area within the wind field of the TC.
A literature review indicates that the TC wind hazard analysis for a few cities located in
the coastal region of mainland China was carried out by Ou et al. (2002), Zhao et al.
(2005), Xiao et al. (2011) and study in Chapter 3. These studies use the circular subregion
method (CSM), which is similar to that used to assess the tropical cyclone (i.e.,
Hurricane) wind hazard by Georgiou (1985) and by Vickery and Twisdale (1995a, b) for
the United States. The approach requires the statistical characterization of segment of
historical typhoon tracks within the circle, the use of an adopted wind field model, and
the estimation of the annual maximum typhoon wind speed using Monte Carlo technique.
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Since the parameters controlling the typhoon occurrence rate, the intensity of the wind
field and the track characteristics directly influence the estimated typhoon wind hazard, it
is essential that the typhoon wind hazard assessment to be carried out based on a welldocumented best track dataset. Besides of the CSM, the full track approach could also be
used to assess the TC wind hazard. For example, Vickery et al. (2000, 2009b), Powell et
al. (2005), James and Mason (2005), Emanuel et al. (2005), Hall and Jewson (2007), and
study in Chapter 2 used the full track approach to estimate hurricane wind hazard for the
United States. The application of the full track approach is more involved since it
requires the statistical characterization and modeling of tracks from genesis to lysis. The
use of the full track approach is necessary if it is of interest that the wind hazard and risk
assessment of portfolio of spatially distributed buildings or large infrastructure system
due to scenario tropical cyclones. However, the estimated extreme wind speeds at a site
due to tropical cyclones by the full track approach and the CMS should be consistent if
the statistical characteristics of the track models in both methods match those of historical
data for a subregion surrounding the site of interest. Since this study is focused on the
estimation of typhoon wind hazard due to all possible TC, rather than typhoon wind
hazard at multiple sites due to the same TC, no further consideration of full track
approach is made.
The available best track datasets that are applicable to the coastal region of mainland
China are discussed in Ying et al. (2011, 2014). Ying et al. (2011) compared three best
track datasets covering the western North Pacific (WNP) and South China Sea from: the
Japan Meteorological Agency Regional Specialized Meteorological Center in Tokyo, the
Joint Typhoon Warning Center of the US Navy, and the Shanghai Typhoon Institute of
China Meteorological Administration (CMA). The comparison is focused on annual
cycle of TC activity and data homogeneity, and shows that the basic statistical
characteristics of the annual cycle are different among the three datasets. Ying et al.
(2014) also discussed the three best track datasets but mainly focused on the
characteristics of the best track dataset from the CMA (see http://tcdata.typhoon.gov.cn/).
They described the reliability of the data from the CMA in terms of the completeness and
the accuracy of the recorded data by using different techniques, including the satellite

80

image and/or aircraft renaissance results. They also explained the timeline when the
change of sources of raw data and other important events occurred for the TC dataset
since 1949. Most importantly, they indicated that the TC tracks from the CMA are longer
for the TC near the coastline and after making landfall. This is important for the typhoon
wind hazard assessment. Although the application of this TC best track dataset to
estimate the typhoon wind hazard is carried out for nine cities and the estimations
compare well with those from surface observations for Shanghai and Hong Kong
(Chapter 3), the overall spatial trends of the typhoon wind hazard for the coast region is
unclear and the TC wind hazard map for coastal region is unavailable in the literature.
The objectives of this study are to characterize the statistics of major parameters
describing the typhoon track characteristics for the coastal region of mainland China, to
assess the spatial variability and inhomogeneity of these parameters, and to estimate the
return period values of annual maximum typhoon wind speed. For the analysis, the TC
best track dataset from the CMA is considered; and an assessment is carried out for the
characteristics of the annual occurrence rate, heading, translation velocity of typhoon, and
central pressure difference and the minimum approaching distance. Using the developed
track characteristics, the typhoon wind hazard estimation is carried out based on the CSM
mentioned earlier with the wind field model and solution procedure elaborated in Chow
(1971), Thompson and Cardone (1996), Vickery et al. (2000a, 2009b) and study in
Chapter 2. The estimated return period values of the annual maximum typhoon wind
speed is compared to those recommended in Chinese design code. The comparison could
allow us to answer the question on whether the design wind pressure recommended in
Chinese design code for the coastal regions is adequate given there is no sufficient details
on their assessment.

4.2 Characteristics inferred from best track dataset
4.2.1 Statistics based on best track dataset
The TC best track datasets for the WNP basin can be obtained from the CMA, the Hong
Kong Observatory, the Regional Specialized Meteorological Center in Tokyo, and the
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Joint Typhoon Warning Center of the US Navy. The TC best track dataset reported by
different agencies are inconsistent. Ying et al. (2011) compared the characteristics of the
datasets in terms of annual cycle of TC activity and data homogeneity. They indicated
that the basic statistical characteristics of the annual cycle are different among the three
datasets, and that the quality of the CMA best track data is higher for the TC near the
coastline and after making landfall, which is important for the typhoon wind hazard
assessment. Ying et al. (2014) concluded that the use of the TC best track dataset since
1949 from the CMA is preferred. Unfortunately, the dataset containing TC-induced wind
and precipitation observation for the land area of China described in Ying et al. (2014) is
not released at present.
Based on the above considerations, the TC best track dataset from the CMA
(http://tcdata.typhoon.gov.cn/, accessed January 2014) is used in the following. The
dataset records the location and minimum sea level pressure every six hours. Since the
use of the CSM to estimate the typhoon wind hazard for the coastal region of mainland
China is considered in the following, statistics of the tracks must be assessed using the
TC best track. For a given site of interest, the CSM assumes that the statistics and
probability models of the track parameters are applicable within a circle of radius R. The
track parameters are the annual occurrence rate, heading, translation velocity of typhoon,
and central pressure difference and the minimum approaching distance, denoted by (a, ,
uc,p, Dmin), respectively. The probability models of (a, , uc,p, Dmin) are used
together with an adopted wind field model to estimate the typhoon wind hazard through
Monte Carlo technique, as illustrated in Fig. 4.1. The occurrence of TC that intersects the
circle is assumed to be a Poisson process with the rate equal to a.
The numerical analysis is carried out for each of the grids defined in Fig. 4.2. A few grid
points are labeled A to G and will be discussed latter. To estimate the statistics for a
given grid shown in Fig. 4.2, it is considered a circle centered at the grid of interest with a
radius R. The TC tracks that intersect and are within the circle are extracted from the best
track dataset. The mean and/or standard deviation of a, , uc,p and Dmin are evaluated
for the extracted tracks by considering the segments of the tracks within the circle with R
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Figuree 4.1. Illustration of the circular subbregion metthod.
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the coastal region of mainland China.
T results presented in
The
n Fig. 4.3(a) indicates tthat the ann
nual occurrennce rate, rep
presenting
t annual aaverage num
the
mber of TCss intersect tthe circle (w
with R = 2500 km) centeered at the
c
considered
site, is spatially varyinng. The ratte at inlandd sites decreeases with iincreasing
d
distance
froom coastlinne. This is expected ssince TC loosses the eenergy sourrce and is
d
dissipated
aas it moves ttowards inlaand. As show
wn in Fig. 44.3(b), the m
mean of  raanges from
-83°
to 10°; the standaard deviatioon of the  is relativelyy consisten
nt as compaared to the
m
mean
and w
with a typiical value of
o about 566°. The meaan of  deecreases from east to
s
southwest,
a
although
thiis trend is nnot very marrked. Both the mean an
nd standard
d deviation
o uc shownn in Fig. 4.3(c) tend to increase as the TC mov
of
ves towardss northeast, indicating
t
that
the TC
Cs that makke landfall oon the northheast coastllines of maainland Chinna are, on
a
average,
mooving fasterr. Moreoverr, the mean of uc at inlland sites teends to incrrease with
i
increasing
ddistance froom coastline. There arre large spaatial variatioons of the mean and
s
standard
deeviation of p as show
wn in Fig. 4.3(d). Thee higher m
mean of p along the
c
coastline
foor Zhejiang P
Province (F
Fig. 4.2) sugggests that the
t return peeriod value of the TC
w
wind
speed for this reggion may be comparabble to that for
f the Soutthern provinnces, even
t
though
a fo
for Zhejiang
g Province iss lower thann that for thhe Southern provinces. The trend
t
that
the meean of p ddecreases aas the TCs move towaards inlandd and away from the

84

c
coastline
is expected bbecause of energy disssipation and
d unavailabbility of oceeanic heat
s
source.
As w
will be seenn, this dissipation leadss to decreassed typhoon
n wind hazaard for the
i
inland
locattions away from the cooastline sincce the inten
nsity of TC depends on
n p. The
s
spatial
inhomogeneity oof the meann and standaard deviation
n of Dmin is shown in F
Fig. 4.3(e).
F sites w
For
with the meaan (and meddian) of Dmin
n zero, the TC is moree likely to
m less than
t
travel
on thee right of th
he side (Fig. 4.1 for defiinition of Dm
min).
T assign pprobability distribution
To
n models foor , uc,p and Dmin, following Georgiou
(
(1985),
Ou et al. (20022), Xiao et aal. (2011) an
nd study in Chapter 3, it
i is consideered that 
c be modeled by usinng the bi-noormal, uc cann be modeleed as a lognnormal variaate, Δp can
can
b modeledd as a Weibuull or lognorrmal variatee, and Dmin can
be
c be fittedd using the uniform
u
or
t
trapezoidal
distributionn function orr quadratic ppolynomial probability density funnction.
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this study only shows the fitted distributionns only forr seven seleected sites
l
labelled
as A to G in Fiig. 4.2. These sites are close to Daatangpo, Wuuzhou, Macaau, Ruijin,
J
Jiande,
Ninggde and Shanghai. Thee sites A, C, E and G are
a selected to represennt the sites
a
along
the co
oastline, whhile the sitees B, D andd F are seleccted to reprresent the innland sites
a about 2200 km awaay from the coastline. B
and
By carrying out the disttribution fittting using
t maximuum likelihoood method and applyiing the Akaaike information criteriion (AIC)
the
(
(Akaike
19
974) to seleect the prefferred distribution among the coonsidered diistribution
m
models
for each of the random varriables, the preferred best fit distriibutions for the seven
s
sites
are shhown in Figg. 4.4. In alll cases, thee fit is conssidered to bbe adequate based on
v
visual
inspeection. As sshown in Fiig. 4.4, deppending on the consideered site, thhe Weibull
d
distribution
or the lognormal distriibution coulld be the preeferred mod
del for p.

86

Figuree 4.4. Empirrical and fittted cumulative distributtions for , uc, p, and Dmin
consideringg seven seleccted sites (S
Sites of A too G shown inn Fig. 4.2 arre plotted frrom top to
botto
om).
F Dmin, thhe trapezoiddal distributiion is preferred for all selected sittes based onn AIC. To
For
i
inspect
the spatial variiation of thee preferred models, a pplot of the ppreferred diistribution
t
type
for p is shown inn Fig. 4.5. T
The results ppresented inn the figure indicate thhat in most
c
cases,
the lognormal ddistribution is preferredd. The Weibbull distribu
ution is preeferred for
r
regions
in Guangzhouu, Zhejiang, and Jiang
gxi Provincces and forr regions aw
way from
c
coastline
inn Fujian Proovince. Althhough a phyysic-based eexplanation for such prreferences
c
cannot
be pprovided, itt may indiccate that thee change in
n the preferrred distribuution type
a
along
the co
oastline is caaused by thee effect of thhe Taiwan aand Hainan islands.

Figure 4.5. Spatial varriation of thhe preferred distributionns for p.
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4
4.2.2
Sen
nsitivity o
of statisticcs to the ssize of subregion
T explore the effect of
To
o R on the sstatistics of or probabillity distributtion modelss for a, ,

uc,p, and Dmin, the annalysis carrried out in thhe previouss section is repeated fo
or R = 150
a 350 km
and
m. Since thee mean and standard deviation
d
off , uc, and p, and thee mean of

Dmin obtaineed for R = 150 and 350
0 km are sim
milar to tho
ose for R = 250 km, they are not
s
shown.
How
wever, the spatial varriation of a and the standard deviation
d
off Dmin are
a
affected
by the consideered R. This is presentedd in Fig. 4.66 for R = 1500 and 350 kkm.

Figure 4.6. Statistics of annual occcurrence ratte and Dmin. The plots fo
for a) and b) are for R
k while th
he plots for cc) and d) aree for R = 3550 km.
= 150 km,
T results shown in F
The
Fig. 4.6 andd Fig. 4.3 in
ndicate that the value of a and thee standard
d
deviation
off Dmin increases as R inncreases. Thhis is expectted since ann increase in
n R results
i the inclusion of TC tracks withh an increaseed Dmin to tthe site, and
in
d a greater nnumber of
T that inttersect withh the circle. The ratio oof a for a ggiven R to that for R = 250 km,
TCs
r
ranges
apprroximately within
w
0.4 too 2.5. On av
verage, the rratio is abouut 0.6 for R = 150 km
a 1.5 for R = 350 kkm. This im
and
mplies that tthe average ratio is ap
pproximatelyy equal to
R
R/250,
and a is apprroximately and linearly proportioonal to R. Also,
A
the pprobability
d
distribution
fitting exerrcise is carrried out for , uc,p annd Dmin by consideringg the cases
w R = 1550 and 350 km. Since the conclussions drawnn from the reesults obtained based
with
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on R = 250 km are equally applicable to those obtained based on R = 150, and 350 km,
plots of the fitted distributions are not presented.

4.3 Modeling of wind field model, filling-rate model and
pressure profile
The analysis in the following uses the wind field model presented in Chow (1971), and
subsequently, modified and enhanced by Cardone et al. (1992), Thompson and Cardone
(1996), Vickery et al. (2000a, 2009b) and study in Chapter 2. The model is described by
the following equation,


us 
1
 

  
 C    
 uc us  us us   fkˆ  us  uc  ug   pc   KH us   D us  uc us  uc 
h
t

(4.1)


where u s m/s is the wind velocity relative to the moving center of the vortex, u c m/s


is the storm translation velocity, u g m/s is the wind velocity resulting from the largescale pressure field, f rad/s is Coriolis parameter equal to 2 sin  at latitude  in
degrees in which

 rad/s represents the rotation of the Earth with magnitude 2π/day, kˆ

is the unit vector in the vertical direction,  kg/m3 is the density of air, pc Pa is an
axisymmetric pressure field, KH is the horizontal eddy viscosity coefficient, CD is the
surface drag coefficient and h m is the depth of the planetary boundary layer which is
considered to be equal to 1000 m. In writing Eq. (4.1), it is considered that the total
pressure p = pc + pg, where pg represents the large-scale pressure field, and it is assumed



that pg  fkˆ  ug . For the numerical solution of Eq. (4.1), solving scheme given in


Chapter 2 in followed, including the consideration of uc  u s and the adopted model

parameters except the filling-rate model, radius to maximum winds Rmax and Holland
pressure proﬁle parameter B to define the pressure profile that are discussed below. The
solution to Eq. (4.1) needed to define the wind field is illustrated in Figure 4.1.
The filling-rate model describes the decay of the central pressure difference after the
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storm making landfall because of the unavailability of oceanic heat source and energy
dissipation. Some of the earlier models can be found in Batts et al. (1980), Georgiou et al.
(1983), and Georgiou (1985). The filling-rate model in Batts et al. (1980) depends on the
time since the storm making landfall, and the angle between the storm moving direction
and coastal line; the model in Georgiou (1985) depends on the distance traveled inland
after landfall. A model presented in Vickery (2005) has the following form,

p(t )  p0  exp  at 

(4.2)

where p(t) is the central pressure difference at time t since the storm making landfall;
p0 is the central pressure difference at the time of landfall; a  a0  a1p0   a ; a0 and a1
are model coefficients to be determined; and a is a zero mean normal variate with
standard deviation a.
Since a segment of the typhoon track may already made landfall before intersecting with
a circular subregion and the time of landfall and p0 are unknown, there is insufficient
information to apply Eq. (4.2). To overcome this, this study notes that for a typhoon that
has already made landfall and intersected a circular subregion at time , with pressure
p(), Eq. (4.2) can be re-written as,

p(t1  )  p()  exp  at1   p()  exp    a0  a1p0  a  t1 

(4.3)

where p(t1+) is the central pressure difference at time t1 since making landfall. Based
on Eq. (4.3), one could adopt the following approximate filling-rate model,

p(t1  )  p()  exp    a0  a1p()  a  t1 

(4.4)

Alternatively, the following empirical model for a circular subregion could be
considered,

pL (t1 )  pL 0  exp    b0  b1pL 0  b  t1 

(4.5)
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w
where
ure differennce at time t1 since the intersection
n with the
pL (t1 ) is the ceentral pressu
c
circle
for tthe typhoonn that has already maade landfalll, pL0 is the centrall pressure
d
difference
a the time oof intersectiion, b0 and b1 are moddel coefficiennts to be deetermined,
at
a b is a zzero mean nnormal variaate with stanndard deviattion b.
and
B using thhe TC best track dataseet from the CMA and Eq. (4.2), C
By
Chapter 3 ccarried out
r
regression
aanalysis andd suggestedd that (a0, a1, a) for thhree subreggions: region
n north of
25.3oN; reg
2
gion south oof 22oN, and
d region beetween 22oN and 25.3oN. The sep
paration of
t
three
subreg
gions is an attempt to take into aaccount the effect of Taiwan
T
Islaand on the
t
typhoons
thhat make landfall in mainland C
China. A m
more detaileed inspectioon of the
i
information
n on the besst track dataaset and som
me prelimin
nary analyssis results of
o typhoon
w
wind
hazard
d for the en
ntire coastaal region byy using the filling-rate model devveloped in
C
Chapter
2 ssuggest that there is a need
n
for im
mprovement.. This is because manyy TCs that
m
made
landfa
fall in Taiwaan Island an
nd subsequeently made landfall in the mainlaand China,
r
referred
to aas DL (doubble-landfall)) TCs, affecct a wider cooastal regionn than from
m 22oN and
25.3oN as sshown in Figgure 4.7. Fo
2
or example,, there are 880% of DL TCs makinng landfall
w
within
23.5oN and 27oN
N.

Figure 4.77. Tracks forr TCs that m
made landfalll in Taiwan
n island andd subsequenttly made
landffall in the m
mainland Chiina.
B consideering three subregions:: region no
By
orth of 27oN;
N region ssouth of 23.5oN, and
r
region
betw
ween 23.5oN and 27oN
N, and carrrying out reegression annalysis, thee obtained
r
regression
ccoefficients of the fillinng-rate mod
del are listedd in Table 4.1.
4 The mod
del shown
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i Table 4.1
in
1 is an imprrovement ovver the one given
g
Chaptter 3 since the
t average of the a
v
values
giveen in Chapter 3 is greaater than thhe average oof those sh
hown in Tab
ble 4.1. It
s
should
be noted that since a iss normally distributedd, the valuee of the fillling rate,
y for the
a  a 0  a1  p 0   a , could be neegative, ressulting in an increaseed intensity
l
landfalling
mon. To oveercome thiss problem, a lower lim
mit on a is
TCs whichh is uncomm
i
imposed
for its appliccation. By cconsidering Eq. (4.5) and carryinng out the rregression
a
analysis,
thee spatially vvarying moddel parametters estimateed are show
wn in Fig. 4.8. As can
b observed
be
d from the figure, thee model paarameters aare geographically varyying. The
v
variation
off b0 and b are moderaate and the spatial variiation of b1 for west off Guangxi
a east of Fujian is m
and
much pronouunced. The m
magnitude oof b is sim
milar to that of a for
m part of Fujian, Gu
most
uangdong aand Guangxi provinces.. It must bee emphasizeed that Eq.
(
(4.5)
with tthe model parameters
p
sshown in Fig.
F 4.8 applies to the segments of
o typhoon
t
tracks
that aare within thhe considereed circular ssubregion foor the site of interest annd for TCs
t made laandfall priorr to intersecct with the coonsidered circular subrregion.
that
Tab
ble 4.1. Coefficients of the filling rrate model fo
for three speecific regionns.
Regioon
Northh of 27 oN
Withiin 23.5 oN and
a 27 oN
Southh of 23.5 oN

a0
0.03374
0.00066
0.02298

a1
0.00025
0.0013
0.00068

σa
0.03333
0.03077
0.02811

Figure 4.8. Spatiallyy varying m
model parameeters for Eqq. (4.5).
G
Given
the ccentral presssure p, Rm
d B could bbe evaluated
d using (Vickery and
max km and
W
Wadhera
20008),
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ln Rmax  3.015  6.291  105 p 2  0.0337  lnR max

(4.6)

where p is in hPa, the standard deviation of lnRmax, ln Rmax , equals 0.448 for p ≤ 87hPa,
1.137-0.00792p for 87hPa < p ≤ 120hPa, and 0.186 for p > 120hPa; and,

B  1.833  0.326 1000 fc Rmax   B ,

(4.7)

where the standard deviation of B,  B , equals 0.221. Although an assessment of the
accuracy of Eqs. (4.6) and (4.7) for the coastal region of mainland China is valuable, it
cannot be carried out due to lack of available quality data. Eqs. (4.6) and (4.7) are
adopted in the following, since their use results in the estimated typhoon wind hazard
comparable to that estimated by using the surface wind observations for Shanghai and
Hong Kong (Chapter 3).
Similar to Vickery et al. (2000a), for computational efficiency, numerical solutions to Eq.
(4.1) are fitted, stored in wind field database to be used with the track information to
assess the typhoon wind hazard. Moreover, to evaluate the wind speed at 10 m height, the
boundary layer wind profile model given in Eq. (4.5) in Vickery et al. (2000b) with the
boundary layer height parameter suggested by Kepert (2001) is employed, and the ratio
of the maximum 10-min mean wind speed to hourly-mean wind speed equal to 1.06 is
employed. For the model development it also considered the Engineering Science and
Data Unit (ESDU; 1982) (sea to land) transition model but with the limiting fetch
distance reduced to 20 km.
Before carrying out the typhoon wind hazard assessment for the considered region, an
illustration of the wind field model for two simulated track segments is shown in Fig. 4.9.
It indicates that the wind field and maximum wind speed are influenced by uc, p, B and
Rmax.
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Figure 4.9. Illustration
n of the appllication of thhe wind fielld model forr two simulaated track
segmeents.
T provide additional indication
To
i
oof the adequ
uacy of the wind field m
model, two historical
t
typhoons
arre considereed including
g typhoon Y
York in 1998 and typhooon Hagupiit in 2008.
T ground
The
d observations of the wind
w
speeds were considered by Paande et al. (2002)
(
for
t
typhoon
Yoork, and weere considerred by Xiao
o et al. (2011) and Xiaoo (2011) foor typhoon
H
Hagupit.
Foor typhoon York, the wind speeed and direection at thhe recording
g site are
by solving Eq. (4.1) using the same tracck informattion and w
c
calculated
wind field
that are useed by Pandee et al. (20022). The timee histories oof the wind speed and
p
parameters
w
wind
directiion are show
wn in Fig. 4.10(a). Sim
milarly, the analysis foor typhoon H
Hagupit is
c
carried
out but using the track information
i
n and wind field param
meters usedd in Xiao
(
(2011),
exceept Rmax is calculated
c
by using Eq. (4.6) becauuse it is not given in Xiaao (2011).
T results are shown in Fig. 4.10
The
0(b) and coompared witth the valuees estimatedd from the
w
wind
recordd. The com
mparison shoown in Fig. 4.10 furtheer indicates the adequaacy of the
c
considered
w
wind field m
model.
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Figure 4.10. Comparison of the modeled and observed typhoon wind direction and
velocity time history for a) and b) typhoon York at Waglan Island and c) and d) typhoon
Hagupit at Yangjiang.
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4.4 Contour maps for typhoon wind hazard
4.4.1 Comparison with design code values
Before carrying out the simulation analysis, it is noted that in the Chinese design load
code (GB 50009, 2012) the reference wind pressure is tabulated for many locations. This
reference wind pressure is estimated using 50-year return period value of the annual
maximum wind speed (representing10-min mean wind speed at 10 m height for open
country exposure). Moreover, a lower bound value of 0.30 kPa is imposed to specify the
reference wind pressure (for 50-year return period value); and the tabulated wind pressure
is rounded upward and to the nearest 0.05 kPa. The code also explicitly stated that both
the synoptic and typhoon winds are treated in the same manner in the code, although the
estimation of the typhoon wind hazard is not elaborated in detail in the code or
commentaries. A map for the design pressure corresponding to the return period of 50
years, and the values of design pressure corresponding to the return periods of 10, 50 and
100 years are also provided in the code.
The contour map given in the code is digitized and presented in Fig.4.11(a). For
comparison purpose, the tabulated wind pressure in the code is also used to calculate the
50-year return period value of the wind speed for the coastal region. These values are
presented in Fig. 4.11(b). Comparison of the maps shown in Figs. 4.11 (a and b) indicates
that there are differences. Unfortunately, the source of the differences is unknown as no
information is given in the code on the procedure leading to the interpolated map or the
tabulated value. Moreover, a preliminary analysis by using some available surface wind
observations indicates that these 50-year or 100-year return period values for the sites in
coastal region are most due to typhoon winds.
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.
Figure 4.11
1. 50-year reeturn periodd values of annual
a
maxiimum wind speed for thhe coastal
region infferred from tthe Chinesee design codde, a) digitallized from thhe map giveen in the
code; b) calculateed based on the table givven in the ccode.

4
4.4.2
Basse case
T estimatee the typhoon wind hazaard, settingss and modells are consid
To
dered as: R = 250 km;
t filling-raate model shhown in Eqqs. (4.2) and
the
d (4.4); and tthe preferreed distributio
on models
f , uc,
for
p and Dminn determineed from staatistical anaalysis descrribed in thee previous
s
section.
Thiis is referred
d to as Base Case.
L V denotte the annuaal maximum
Let
m typhoon (1
10-min mean) wind speeed at 10 m height for
o
open
countrry exposure. By carryinng out the aanalysis as ooutlined in F
Fig. 4.1 connsidering a
s
simulation
ccycle for 10
0,000 years,, samples off V for each
h location ddefined in Fiig. 4.2 are
o
obtained
annd the T-yeaar return peeriod value of V, vT, aare estimated from the empirical
d
distribution
for T = 500 and 100 years. The estimated values are used as thee basis to
d
develop
thee contour maps
m
plottedd in Fig. 4.12. Ordinaary kriging is used to map Fig.
4
4.12(a
and c) with settting nuggett not equal to zero; buut with nugget equal too zero for
d
developing
Fig. 4.12(bb and d), so
s more detailed (or lless smoothhed) contou
urs can be
a
appreciated
. As expectted, the com
mparison of Fig. 4.12((a and c) too Fig. 4.122(b and d)
i
indicates
thaat the formeer leads to sm
moother conntours but w
with less dettail than the latter.
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Figure 4.112. Estimateed return period value of
o 10-min mean
m
wind sp
peed at 10 m height
ddue to typho
oon vT: a) vT for T = 1000 years usinng ordinary kriging witth nugget noot equal to
zero and b) vT for T = 550 years usiing ordinaryy kriging wiith nugget eq
qual to zeroo, c) vT for
ng with nuggget not equaal to zero, d)) vT for T = 100 years
T = 50 yearrs using ordiinary krigin
usiing ordinary
y kriging wiith nugget equal to zeroo.
C
Comparison
n of the conntours preseented in Fig
g. 4.12 (a annd b) to the contours depicted
d
in
F 4.11(a)) indicates thhat the spattial trends inn these figuures are similar, and thee contours
Fig.
d
depicted
in Fig. 4.12(bb) follow cloosely to thee coastline. The comparison also shows
s
that
t locationns of the devveloped conntours with vT ranging ffrom 31 to 38 m/s match closely
the

98

to those given in the design code but with more details if the interpolation is carried out
using nugget equal to zero. The locations of the contours for vT ranging from 22 to 28 m/s
shown in Fig. 4.12(a and b) differ from those shown in Fig. 4.11(a), especially for the
contour line with vT = 22 and 25 m/s. In general, as the site moves away from the
coastline, the typhoon wind hazard estimated in this study decreases slower than that
inferred from the current design code.

4.4.3 Discussion on the effect of subregion size, and modeling in
central pressure difference and filling-rate
The estimated typhoon wind hazard may be influenced by the considered size of the
subregion (i.e., R), the probability distribution type for p, and the filling-rate model. A
parametric investigation is presented in this section by considering Base Case but
changing R, the distribution of p, or the filling-rate model, one at the time which is
defined as Case 1 to Case 5 shown in Table 4.2. For each case listed in Table 4.2, the
analysis similar to that for Fig. 4.12 is carried out. The results are shown in Fig. 4.13,
where the contours are interpolated using the ordinary kriging with nugget not equal to
zero. Those interpolated with nugget equal to zero, that exhibit similar trends as those
shown in Fig. 4.12 (b and d), are not presented to save space.
Table 4.2. Cases considered for parametric investigation.
Case
1
2
3
4
5

Conditions same as those for the Base case, except
R=150 km
R=350 km
p is lognormally distributed for all sites
p is Weibull distributed for all sites
Replacing Eq. (4.4) by Eq. (4.5) as an approximation

Some observations drawn from the comparison of the results shown in Figs. 4.12 (a and
c) and those depicted in Fig. 4.13 are:
1) The decrease of R from 250 km to 150 km (i.e., Case 1), leads to the contours shown
in Figs. 4.13(a and b). These contours are similar to those presented in Figs. 4.12(a
and c). A more detailed inspection of the results indicates that the contours are shifted
towards coastline by about 10 to 20 km. If R is increased from 250 km to 350 km (i.e.,
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Case 2), the resulting contours are shown in Figs. 4.13(c and d). The trend on the shift
is reversed as compared to Case 1. This is especially the case for the contours with v50
= 22 m/s or v100 = 25 m/s. By considering T = 50 and 100 years, on average, the
estimated vT at a site is increased up to 4% by varying R from 150 km to 250 km, and
5.8% by varying R from 250 km to 350 km. Therefore, the use of R = 250 km for the
typhoon wind hazard estimation is considered. Note that R = 250 km is also used by
Georgiou (1985) and Vickery and Twisdale (1995a, b).
2) By considering that p is lognormally distributed throughout the region (Case 3),
rather than using the preferred distribution identified in Fig. 4.5, the estimated vT in the
affect zones (i.e., zones with Weibull distributed p replaced by lognormally
distributed p) within Guangdong and Zhejiang provinces is increased up to 9% for T
= 50 years and 12% for T = 100 years. The average increase for the mentioned zones
is 1.7% for T = 50 years and 2.3% for T = 100 years. The increase reflects by the fact
that the contours within these zones are shifted towards inland, and that the use of
lognormal model instead of Weibull model for p leads to an increased estimate of
typhoon wind hazard. For the results shown in Fig. 4.13(g and h) – corresponding to
Case 4 – the estimated vT is decreased by up to 1.7% for T = 50 years and 2.5 % for T
= 100 years for the sites where the lognormal model is replaced by Weibull model for
p (Fig. 5). This again indicates that the use of lognormal distribution for p results in
a greater vT than that obtained by using the Weibull distribution for p.
3) The results for Case 5 are presented in Fig. 4.13(i and j). As the model coefficients for
the filling-rate model shown in Fig. 4.8 is spatially varying, the trends on the
differences between vT shown in Fig. 4.12(a and c) and those shown in Fig. 4.13(i and
j) are spatially varying. The spatial trends on the differences are not entirely clear or
systematic. However, in all cases, the relative differences range from -6% to 6%. The
average value of the absolute relative difference is within 2%. Among the considered
grid points, there are only 4 sites with a relative difference greater than 5% if T = 50
years is considered. The number of sites become 6 if T = 100 years is considered.
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Figure 4.113. Estimateed return period value of
o 10-min mean
m
wind sp
peed at 10 m height
due to typhhoon, vT, connsidering caases 1 to 5 shhown in Tabble 4.2. Plo
ots a), c), e),, g) and i)
show v50 foor Cases 1 to
t 5, respecttively; plots b), d), f), h)) and j) show
w v100 for Cases
C
1 to
5, respecctively.
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F
Figure 4.13 (Continuedd). Estimateed return period value of
o 10-min mean
m
wind sp
peed at 10
m height ddue to typhooon, vT, conssidering casses 1 to 5 shhown in Table 2. Plots aa), c), e),
g) and i) sshow v50 forr Cases 1 to 5, respectiv
vely; plots bb), d), f), h) and j) show
w v100 for
Caases 1 to 5, rrespectivelyy.

4
4.5 Co
onclusion
ns
T return pperiod valu
The
ue of the annnual maxim
mum TC winnd speed, vT, is estimaated in the
p
present
stud
dy for coasstal region of mainlannd China. F
For the esttimation, th
he circular
s
subregion
m
method is appplied and tthe TC trackk model forr a circular subregion
s
ccentered at
e
each
point of
o interest iss assessed using the besst track dataaset from thee CMA.
T analysiis results off the trackss indicate thhat the annu
The
ual occurrennce rate off TC track
i
intersecting
g the circle, is spatially varying, an
nd decreasess as the circcle moves aaway from
t coastlinne and towaards inland,, which is expected. T
the
The mean oof the headiing varies
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widely and decreases from east to southwest; the standard deviation of the heading is
relatively consistent as compared to the mean. The landfall TCs on the northeast
coastlines of mainland China are, on average, moving faster, and translation velocity
tends to increase as the TC moves towards inland and away from the coast. By
considering the lognormal and Weibull distributions, the analysis results show that there
are clearly identified zones where the lognormal (or the Weibull) distribution is the
preferred model for the central pressure difference. The estimated vT are used to develop
the contour maps for typhoon wind hazard. The locations of the developed contours with
vT ranging from 31 to 38 m/s match closely to those given in the design code; the
locations of the developed contours for vT ranging from 22 to 28 m/s moved further
inland as compared to those given in the design code, implying that the code
underestimates the typhoon wind hazard. Sensitivity analysis also shows that vT is not
very sensitive to the radius of the circular subregion. For a return period equal to 100
years, the consideration of spatially varying filling-rate model or the approximate model
shown in Eq. (4.4) alters vT by less than 6%; the use of lognormal or Weibull distribution
to model p affect the estimated vT by up to 12%.
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Chapter 5

5 Typhoon Wind Hazard Estimation for China Using an
Empirical Track Model
5.1 Introduction
China experiences severe tropical cyclone (TC) wind hazard and risk every year (Zhang
et al. 2009; Xiao and Xiao 2010). A strong TC is known as typhoon in China
(GB/T19201 2006); the typhoon wind hazard is explicitly considered in Chinese design
code (GB 50009 2012). The extreme TC wind hazard can be estimated using surface
wind observations if sufficient data are available. However, the observations are rare at a
meteorological station and for a short number of years. To overcome the lack of
sufficient data, the TC wind field and track models are often used to simulate and map
the TC wind hazard. For example, the design wind speeds recommended in the ASCE 705 (2005) and ASCE 7-10 (2010) are developed based on the simulation results using the
hurricane wind field and track models (Vickery et al. 2009c).
The wind field models used for engineering applications include the gradient wind field
model (Batts et al. 1980; Georgiou 1985; Lee and Rosowsky 2007) and planetary
boundary layer wind field model (PBL) (Chow 1971; Thompson and Cardone 1996;
Vickery et al. 2009a; Chapter 2). The gradient wind field model is simple but cannot cope
with the asymmetric characteristics of the observed TC wind field. The PBL wind field
model is developed by considering the steady condition for the momentum equation
being averaged through the depth of the boundary layer and neglecting the vertical
velocity. The adequacy of this model has been assessed by Vickery et al. (2009a; 2009b)
for the landfalling hurricane in the US. Its use for the landfalling TC events affecting
China is also considered by Xiao et al. (2011), and study in Chapter 3. Other models that
considered in the literature include those given by Meng et al. (1995), Kepert (2001) and
Kepert and Wang (2001).
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The modeling of the TC tracks can be classified as local track modeling and full track
modeling. The local track modeling is based on the statistics of the key parameters of the
TC tracks within a circle whose center is located at a site of interest, where the TC wind
hazard is to be estimated (Georgiou 1985). This approach is referred to as the circular
subregion method (CSM). The key parameters are the annual occurrence rate, heading,
translation velocity, minimum distance from the site to the track and central pressure
difference. The use of CSM to assess the hurricane wind hazard for US is considered by
Georgiou (1985) and Vickery et al. (1995). It is used to estimate the typhoon or TC wind
hazard for China by Ou et al. (2002), Zhao et al. (2005), Xiao et al. (2011), studies in
Chapter 3 and Chapter 4. The terms typhoon wind hazard and TC wind hazard are used
interchangeably throughout this study for winds caused by TC affecting China, even
though the intensity of a TC may be less than that of the typhoon class defined in
GB/T19201 (2006). The full track modeling is developed to describe the TC track from
genesis to lysis; it can be used to estimate the TC wind hazard and risk for spatially
distributed structures due to a single or multiple TC events; it can also be used as the
basis to estimate the extreme TC wind hazard for a region. Different approaches are
considered in the literature to develop full track models (Vickery et al. 2000b; Powell et
al. 2005; James and Mason 2005; Emanuel et al. 2006; Hall and Jewson 2007). The
model developed by Vickery et al. (2000b) considers that the hurricane track (position
and relative intensity) can be modeled using the regression equations with spatially
varying model coefficients. This model is adopted in Chapter 2, where it also showed that
the model could be simplified; the use of the two models lead to comparable estimated
TC wind hazard maps for the US. The TC track is represented as a Markov process in
Powell et al. (2005); the changes in the motions and intensity of TC track are sampled
using their probability distribution functions assessed based on historical best track
dataset. In James and Mason (2005), an autoregressive model was considered to predict
the changes in the TC location and the central pressure. One of the models proposed in
Emanuel et al. (2006) is based on Markov chain; it considered that the probability of
displacement change is conditioned on position, season, and the previous 6-hour vector
displacement. The model presented in Hall and Jewson (2007) assumes that the TCs
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within a location of the Atlantic basin tend to move in a similar manner but with
uncertainty; the motions of a hurricane over a 6-hour interval and along the latitude and
longitude depend only on its present position; and that the probability distributions of the
motion can be assessed using historical tracks. The mentioned full track models are
developed to assess TC hazards for the US. It seems that the full track model applicable
to western North Pacific (WNP) basin, in particular, to assess typhoon wind hazard for
coastal region of China, is unavailable in the literature.
The two main objectives of this study are to develop an empirical track model based on
the historical track information, and to map the TC wind hazard in the coastal region of
the mainland China. A simple mathematical functional form (Chapter 2), that was used to
model the tracks from genesis to lysis for hurricane occurred in Atlantic basin, is adopted.
The model coefficients in the present study are determined through regression analysis by
using the information on the historical tracks available from the China Meteorological
Administration (CMA) (Ying et al. 2014). The use of the best track dataset from the
CMA is justified (Ying et al. 2011, 2014) since for the landfalling TCs in the mainland
China it is preferable than the track datasets from the Joint Typhoon Warning Center of
the US Navy, and from the Japan Meteorological Agency Regional Specialized
Meteorological Center in Tokyo. The developed track model is validated by comparing
the statistics of several key TC parameters along the coastline estimated from the
simulated tracks and from historical tracks. For the mapping of TC wind hazard, a wellestablished planetary boundary layer wind field model, including the model parameters
found in the literature (Vickery et al. 2000a, 2009b; Vickery and Wadhera 2008; Chapter
2), are adopted and the TC tracks simulated by using the developed track model are
considered.
In the following sections, first, relevant statistics derived from the best track dataset
considered are presented. This is followed by the development of the empirical track
model, and the application of the developed track model to evaluate and map the TC
wind hazard.
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5.2 Statistics of the considered best track dataset
The best track dataset available from the CMA (Ying et al. 2014) covers the region north
of the equator and west of 180°E, including the South China Sea (SCS) from 1949 to
2012 (http://tcdata.typhoon.gov.cn/, accessed 2013). The dataset contains the information
on each TC track at every 6 hours including the time, location (latitude and longitude),
intensity category, and the minimum pressure near the TC center. The intensity category
(IC) of the TC given in the best track dataset is based on the following definition: tropical
depression (Category 1), tropical storm (Category 2), severe tropical storm (Category 3),
typhoon (Category 4), severe typhoon (Category 5), and super typhoon (Category 6).
This classification system is recommended in GB/T19201 (2006). The wind speed
interval is 10.8-17.1m/s for IC = 1, 17.2-24.4 m/s for IC =2, 24.5-32.6 m/s for IC=3,
32.7-41.4 m/s for IC =4, 41.5-50.9 m/s for IC =5, and ≥51.0 m/s for IC = 6, where the
wind speed represents the near surface maximum 2-min mean wind speed near the TC
center.
The dataset also contains the sub-centers of TC - circulation centers associated with
warm cores and induced by the parent TCs (Ying et al. 2014). The sub-center is a
phenomenon only recorded in the CMA best-track dataset. The consideration of some of
the sub-centers as independent TC events could be important. Criteria given in Ying et al.
(2014) to classify the sub-centers are: C1) if a sub-center develops for a period while its
parent TC quickly decays, it can be considered as an extension of its parent TC; C2) if a
sub-center develops into or maintains at least an intensity of tropical storm category (i.e.,
IC =3), while its parent TC persists for a significant period, it can be considered as an
independent TC; and C3) if the sub-center is weak and quickly decays, it can be excluded
in the analysis. They indicated that approximately 40 TCs generating sub-centers
recorded in the dataset can be classified according to C1 to C3. An inspection of the best
track dataset is also carried out in this study by adopting the suggested criteria. This
resulted in a total of 51 sub-centers. The duration of the storm associated with the subcenter varies from 6 to 156 hours. The highest intensity of 38 out of the 51 storms is up to
IC = 2; four of them fall within C1 which are listed in Table 5.1, and the other 35 which
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fall within C3 are neglected. The remaining 13 out of 51 storms that are associated with
the sub-centers have the highest IC equal to 3 or 4. Four of the 13 sub-centers are
associated with fast decay and short duration; they fall within C3. In addition, one subcenter (starting on Aug. 11 at 00:00 from the named TC, Mary in 1974) among the 13
sub-centers could be neglected because its genesis is located within the inland of the
mainland China and its intensity was low while translates within the concerned region.
Inspection of the eight (out of 13) sub-centers indicates that two of them fall within C2,
and six of them fall within C1. These eight sub-centers are also listed in Table 5.1. Note
that nine of the twelve events shown in Table 5.1 were already identified in Ying et al.
(2014).
Table 5.1 Sub-centers shown in the CMA best track dataset classified according to
Criteria C1 and C2.
Time when the sub-center
Name of
was initially recorded
Criterion
Parent TC
Year Month Day Hour
1952
8
7
0
Jeanne
C1
1959
9
7
18
Nora*
C1
1960
8
8
0
Trix*
C2
1963
7
18
18
Wendy*
C1
1963
7
19
18
Wendy*
C1
10
12
1971
10
Faye*
C2
1982
7
29
0
Andy*
C1
1984
7
3
6
Alex*
C1
1989
9
11
12
Sarah
C1
1990
9
7
12
Dot
C1
8
31
18
1992
Polly*
C1
1997
8
20
0
Winnie*
C1
Note: * represents the named storms having sub-centers that were identified in Ying et al.
(2014).Wendy has two sub-centers.
By considering the best track dataset, including the identified sub-centers listed in Table
5.1, the spatial distribution of the geneses of the TCs in the WNP basin is illustrated in
Fig. 5.1(a), showing that the location of the genesis is spatially distributed with
concentrations within 5oN to 25oN. There are about 17% of the geneses located west of
120oE. The mean and the variance of number of TCs in each year, X, are 32 and 48,
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form of this simplified model is considered in this study. The model estimates the (future)
state at i + 1 of the TC track given the current state at i is known, and is expressed as,

 ln c  a1  a2 ln ci  a3i  c

(5.2)

  b1  b2ci  b3i  

(5.3)





ln( I i 1 )  d1  d 2 ln( I i )  d 3Tsi  d 4 Tsi1  Tsi   I

(5.4)

where ai, bi and di in Eqs. (5.2) to (5.4) are the geographically dependent model
parameters; c,, Ts and I with subscripts are the translation velocity m/s, heading in
degree, sea surface temperature (SST) °K, and relative intensity of the TC. The relative
intensity is defined as I = (pda-pc +es)/(pda-pdc), where pc hPa = central pressure, pda hPa =
ambient pressure, pdc hPa = minimum sustainable surface value of central pressure (of
dry air), and es  6.112  exp 17.67  Ts  273 / Ts  29.5  is the saturation vapour
pressure. In Eqs. (5.2) and (5.3),  ln c  ln ci 1  ln ci and   i 1  i .
To determine the model coefficients, the geographical region covering the map shown in
Fig. 5.1(a) is subdivided into 5°×5° square cells; information is extracted from the
historical best track dataset for each cell; regression analysis is carried out separately, for
easterly and for westerly headed storms. For the analysis, since Tsi is unavailable in the
best track dataset, the monthly averaged SST derived from the HadISST dataset from
1870

to

2011

(Rayner

et

al.

2003),

which

has

a

1°×1°

resolution

(http://www.metoffice.gov.uk/hadobs/hadisst/data/download.html, accessed, 2012) is
employed. The use of this SST and the 5°×5° square cells is similar to that in Chapter 2.
For cells with little or no historical track information the coefficients are assigned based
on adjacent cells. Moreover, regression analyses for 2°×2° and 1°×1° square cells for
regions near coastline are also considered for a better spatial resolution of the model
coefficients if the cell contains sufficient statistics of the TC tracks. The obtained
coefficients for Eq. (5.2) are illustrated in Fig. 5.5, showing non-smooth spatial variation
of the coefficients.
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distribution shown in Eq. (5.1) and the distribution parameters shown in Fig. 5.1(b). The
genesis of each TC is randomly selected from the geneses of the historical TCs, and the
track is simulated using the developed empirical track model given in Eqs. (5.2) to (5.4)
and by considering Tsi equal to the monthly averaged SST derived from the HadISST
dataset. However, a preliminary analysis carried out by using the simulated tracks
indicates that the statistics of the key parameters estimated by using the simulated tracks
for a few KPs differ from those obtained from the historical best track dataset shown in
Fig. 5.4. This may be partly due to the use of the monthly average SST which may not
capture the local and temporal variation of ocean current and eddies. There are two
regions in the WNP having seasonal warm currents accompanied by warm eddies (Lin et
al. 2005; Pun et al. 2011; Hu et al. 2000) affecting the TC intensification. One lies within
10°N to 26°N, 121°E to 170°E identified as southern eddy zone (Pun et al. 2011) and the
other covers the SCS (Hu et al. 2000). A detailed investigation of the seasonal variability
of the warm eddies and its effect on TCs is beyond the scope of this study. To overcome
the inability of using monthly average SST in taking into account the effect of the warm
eddies on the intensification of the TCs, an increased SST for some regions is considered.
The practice of increasing the SST for some regions was also considered by Vickery et al.
(2009c) to model hurricane wind hazard for the US. In this study, it was found by trial
and error that for Southern Eddy zone in the WNP, an increase of the SST for the region
from 15°N to 26°N, and from 121°E to 140°E and for the region from 15°N to 19°N and
from 114°E to 118°E is considered for the empirical track model.
To show the adequacy of the simulated tracks with the above mentioned adjustment, the
mean of , and the mean and standard deviation of , c and p, which equals 1010 - pc
hPa with pc calculated using the simulated relative intensity I, are estimated for the KPs
up to KP2400. For the estimation of statistics, 100,000 years of TC activities are
simulated and used throughout this study. The estimated values are shown in Fig. 5.6 and
compared with those obtained by using the historical best track dataset. It shows in Fig.
5.6 that the statistics of the key parameters of the simulated TCs match well with those
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calculated using the best track dataset, especially considering that there is statistical
uncertainty in the estimated statistics using the historical tracks.
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Figure 5.6. Comparison of the statistics of the TC parameters at KPs calculated from
simulated and historical best track dataset.
To further inspect the adequacy of the simulated tracks, the probability that a track
intersects two circles of radius of R = 250 km, one centered at the KPi and the other
centered at the KPk, denoted as P(KPi∩KPk), is calculated using the simulated tracks.
The estimated probability is shown in Fig. 5.7 and compared with that calculated using
the best track dataset. The close agreement between the results obtained by using the
simulated and historical tracks indicates that the developed track model is adequate, at
least, in reproducing the spatial statistics of the tracks near the coastline.
As there are 64 years of historical tracks included in the considered best track dataset
(from 1949 to 2012), samples of tracks for 64 years are simulated and compared to
historical tracks in Fig. 5.8 to appreciate their overall spatial trends. As showing all the

118

s
simulated
trracks in a sinngle plot do
oes not facillitate the com
mparison, trracks are prresented in
t groups to better appreciate thee spatial tren
two
nds of the tracks.
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Figure 5.8. Spatial trends of historical (Panels a and c) and simulated (Panels b and d)
tracks.
More specifically, each track shown in Panels a) and b) in the figure has a segment
falling within “south region” (Latitude within [15°, 25°] and Longitude within [105°,
118°]); each track shown in Panels c) and d) in the figure has a segment falling within
“east region” (Latitude within (25°, 35°] and Longitude within (118°, 125°]). A visual
inspection of the results shown in the Fig.5.8 indicates that the spatial trends of the
simulated tracks follow those of the historical tracks. It also shows in Fig. 5.8 that, on
average, tracks shown in Panels a) and b) tend to head towards west, whiles those shown
in Panels c) and d) tend to head towards northeast.
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5.4 Wind field model and filling-rate model
In addition to the track model, a TC wind field model is required to assess the TC wind
hazard. Among several TC wind field model employed for engineering application, the
wind field model originally proposed in Chow (1971) and subsequently extended and
enhanced by others (Thompson and Cardone 1996; Vickery et al. 2000a, 2009a) has been
considered. The model requires the solution of the momentum equation to obtain the PBL
wind field. It was verified by comparing the modeled hurricane wind speeds to those
observed at the meteorology stations (Vickery et al. 2009a). A systematic comparison of
the modeled snapshots of the hurricane wind fields to the re-constructed surface hurricane
wind fields obtained from the Hurricane Wind Analysis System (i.e., H*Wind) (Powell et
al. 1998) is given in Chapter 2. The estimated typhoon wind speed time series is also
compared to those observed at meteorology stations for Typhoon York and Typhoon
Hagupit (Chapter 4).
It must be emphasized that the above mentioned verification and comparison involve the
consideration of additional models: model for the radius to maximum winds Rmax; model
for Holland pressure profile parameter B; and boundary layer wind profile model. The
values of Rmax and B are needed to solve the momentum equations; the boundary layer
wind profile model is used to estimate the wind speed at 10 m height above the surface
using the wind speed obtained from the PBL wind field model. These models that are
summarized in Table 5.2 are adopted in the present study.
Use of the assembled typhoon wind field model to estimate the wind field, time series of
the wind speed and wind direction at a site and the wind hazard due to the passage of
Typhoon York (see Fig. 5.9(a)) is illustrated. In estimating the wind field shown in the
figure at given instances, the track information and wind field parameters given in Pande
et al. (2002) are employed. The wind speed obtained from the calculated wind field is
then converted to the hourly mean wind speed at 82 m height above the ground surface,
where an anemometer is located. The predicted wind speed and wind direction at a
particular site such as the Waglan Island site (22.18°N, 114.3°E) is then recorded for
Typhoon York (occurred in 1999). The modeled wind field for two instances is illustrated
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Table 5.2. Summary of the adopted models to model the TC wind field.
Model
Notes
The momentum equation described by Chow (1971) can also be found
in Cardone et al. (1992), Thompson and Cardone (1996), Vickery et
al.( 2000a, 2009a), and Chapter 2. Details on the solution procedure
PBL wind field given in Chapter 2 are adopted. It involves the use of finite difference
model
method with five nested rectangular grids. Each grid has the same
number of grid points, but the distance between adjacent points is
halved with each successive grid. The distance between the adjacent
points in the inner most grid is 10% of the Rmax.
Rmax is calculated using Eqs. (11) and (12) given in Vickery and
Wadhera (2008) (see also Eq.(3.5) in Chapter 3). According to this
Rmax
model Rmax is a function of p and latitude.
Holland
B is calculated using Eq.(23) given in Vickery and Wadhera (2008)
pressure
(see also Eq.(3.6) in Chapter 3). In this case, B is modeled as a
profile
function of the Rmax and Coriolis parameter.
parameter B
For wind speed variation along the height above the surface level, the
Boundary layer model shown in Eq. (5) in Vickery et al. (2009b) is used. The model is
wind
profile a function of inertial stability discussed in Kepert (2001). A factor of
1.06 is used to scale hourly mean wind speed to maximum 10-min
model
mean wind speed.

The model presented in Vickery (2005), which is considered in Chapter 3 and Chapter 4
for landfalling TCs in the mainland China, has the following functional form,
p (t )  p0  exp   at 

(5.5)

where p(t) is the central pressure difference at time t since the TC making landfall; p0
is the central pressure difference at the time of landfall; a  a0  a1p0   a ; a0 and a1 are
model coefficients to be determined; and a is a zero mean normal variate with standard
deviation a. The model parameters suggested in Chapter 4 is considered in this study.
The model parameters were developed for three subregions: region north of 27oN; region
south of 23.5oN, and region between 23.5oN and 27oN. The consideration of three regions
takes into account that many TCs made landfall in Taiwan Island and subsequently made
landfall in the mainland China, and that there are about 80% of these tracks making
landfall within 23.5oN and 27oN. Moreover, a lower limit on a is imposed for the
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application of the model since an increased intensity for the landfalling TCs which is
uncommon and,a is a zero mean normal variate that could results in a possible negative
value of a  a 0  a1  p 0   a . This setting is consistent with the practice to assess the TC
wind hazard for the US (Vickery 2005).

5.5 Estimated typhoon wind hazard
5.5.1 Procedure to estimate TC wind hazard for a single simulated
track
To estimate the annual maximum typhoon wind hazard at a site by using the adopted
wind field model and the developed empirical TC track model, simple simulation
procedure can be applied. The procedure basically involves four steps: randomly select
the TC genesis from the historical geneses of TCs; sample the change of the TC track
using Eqs. (5.2) to (5.4) for 6-hour interval; apply the filling-rate model for the
landfalling segment of the track; and model the TC wind speed if the simulated TC track
is within 250 km of the coastline and a specific distance to a site, where the TC wind
hazard assessment is required. The steps are sketched in Fig. 5.10. To ensure that the
maximum TC wind speed due to the passage of the TC is captured, in the following
numerical analysis, the points on the simulated track with 6 hours increment are used as
the basis to interpolate the points representing the track with 15 minutes increment; and
the wind field is calculated by considering each point on the track with 15 minutes
increment.
If the estimation or mapping of the TC wind hazard for a region is of interest, the above
mentioned procedure can also be used. However, to improve computation efficiency, in
the last step, one could model the TC wind field for each point on the track and assign the
calculated TC wind speeds to the grids covering the region. The maximum TC wind
speed observed at each grid represents the TC wind hazard for the simulated TC event.
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Table 5.3. Typhoon wind hazard at selected cities for return period of 50- and 100-year.

City
Shanghai
Ningbo
Wenzhou
Fuzhou
Xiamen
Guangzhou
Shenzhen
Hong Kong
Zhanjiang

Design
Code
29.7
28.3
31.0
33.5
35.8
28.3
34.6
37.9
35.8

V50
Using CSM; p is
modeled using
WL.D. LN.D.
28.7
30.4
33.0
32.2
33.9
28.4
33.9
35.6
34.9

29.2
32.3
35.2
34.1
35.9
29.3
36.5
37.7
37.1

Using
Full
Track

Design
Code

28.9
30.0
34.0
32.5
36.4
29.4
34.7
35.5
35.2

31.0
31.0
33.5
36.9
39.0
31.0
37.9
39.0
39.0

V100
Using CSM; p is
modeled using
WL.D. LN.D.
31.6
33.3
36.1
34.8
36.4
30.5
36.4
37.6
37.5

32.2
36.2
39.1
37.8
39.1
32.1
40.2
41.5
40.9

Using
Full
Track
31.7
33.0
36.5
35.1
38.9
31.4
36.8
37.7
37.4

Note: The wind speed represents 10-minute mean wind speed at 10 m height for z0 = 0.05 m.
When the CSM is used, the needed central pressure difference pI at the point where the track
intersects with the circle centred at the site of interest with a radius of 250 km, is considered to be
Weibull distributed (denoted as WL.D.) or lognormally distributed (LN.D.). Justification of using
these models was given in Chapter 3. The number in bold represents the estimated value with the
preferred probability distribution of pI judged based on the Akaike information criterion.

To corroborate the models and methods used to assess the TC wind hazard, a comparison
of the estimated vT values to those recommended in the Chinese design code (GB 50009,
2012) is included in Table 5.3. It shows that the difference between the estimated v50 by
using the full track approach to the code recommended value is within 1 m/s for four out
of nine considered cities, and is within 1.5 m/s for six considered cities. The largest
differences between the estimated and code recommended v50 occurred at Wenzhou,
where the code value underestimates v50 by 8% as compared to that in this study. It is
noteworthy that the estimated vT shown in Table 5.3 for Shanghai and Hong Kong are
comparable to those assessed based on the surface wind observations reported by Tao et
al. (2001) and Holmes et al. (2009) (see Chapter 3 for detail). In addition to this, a
comparison of the empirical distribution of V derived from surface wind observations and
simulation results is shown in Fig. 5.11. For the surface wind observations, an exposure
correction is carried out based on a gust factor approach proposed by Ashcroft (1994) and
as applied in Mo et al. (2015). Fig. 5.11 shows that the empirical distributions obtained
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best track dataset, and the spatially varying model coefficients are determined through
regression analysis.
Statistics of the annual occurrence rate, storm translation velocity, storm heading and
central pressure difference are estimated using the simulated tracks at sites along the
coastline. The statistics compare favorably to those obtained using the historical best
track dataset, indicating the adequacy of the developed track model. Also, the spatial
trends of the simulated tracks are similar to those of best track dataset.
The simulated tracks are used together with a TC wind field model to estimate the
typhoon or TC wind hazard. The results indicate that the estimated vT compares well to
that available in the literature or estimated based on the surface wind observations, at
least at four considered sites. Also, a comparison of the estimated vT to that given in the
design code is provided for nine cities; their similarity and differences are elaborated. The
typhoon wind hazard maps for the coastal region assessed based on the full track
approach are presented and compared to those obtained based on the CSM. For overland
sites that are within 250 km from the coastline, the absolute relative difference between
vT estimated by full track approach and by the CSM with best fitted distribution for p is
about 4.8% for T equal to 50 and 100 years.
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Chapter 6

6 Conclusions and recommendations for future work
6.1 Conclusions
First, a review of model used to assess the hurricane wind hazard map for the ASCE-7 is
carried out. The review indicated that currently the full track model and planetary
boundary layer (PBL) wind field model are used as the basis to estimate the hurricane
wind hazard which is mapped in the ASCE-7. The review also indicated that the typhoon
wind hazard in China is often carried out using the circular subregion method, and that
there are large discrepancies in the estimated return period value of the typhoon wind
hazards in selected cities.
Four major tasks are carried out in this study: one focused on the hurricane wind hazard
estimate in the US, and the remaining three focused on the typhoon wind hazard estimate
in China. The first task provided the needed theoretical basis for the wind field modeling
and track modeling used to estimate the typhoon wind hazard for mainland China.
The research carried out in this study contributed in the understanding of and knowledge
for hurricane hazard estimation in several ways:
1) It is shown that the convection term in the governing equation for the wind field can
be important and affect the wind field shape;
2) Adequate empirical full track model for west Northern Pacific basin can be developed;
and
3) Well-documented typhoon wind hazard maps focused on wind engineering
applications are developed coastal region of mainland China.
More specifically, from the results of the task focused on the estimation of the hurricane
wind hazard in the US, it is concluded:
1) The PBL model given in Chow (1981) is solved in several studies (Cardone 1996,


Vickery et al. 2000a) by neglecting the term uc  u s in the moment equation. This
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resulted in different wind field shapes and underestimates the maximum wind speed
that is obtained by including such a term. The underestimation of the maximum wind
speed is small (<3.5%) for typical value of p and B, but could be large for large value
of p and B. The modeled wind field provide a closer resemblance to the wind fields


in H*Wind if uc  u s is considered.
2) A simplified track model is proposed. Its use leads to the estimated hurricane wind
hazard similar to one used as the basis for the hurricane wind hazard shown in ASCE7.
3) Results from different combinations of wind field model and track model considered
lead to relatively consistent hurricane wind hazard estimate, indicating the hurricane
wind hazard model is robust.
From the results of tasks focused on the estimation of the typhoon wind hazard in the
coastal region of the mainland China, it is concluded:
1) Typhoon wind hazard for nine major coastal cities in the mainland China is assessed
by using the CSM combined with the PBL wind field model. Based on historical track
dataset, probabilistic characterization is carried out for for key parameters including
storm heading, translation velocity, and the central pressure difference by considering
a circular region centered at each site of interest. It was indicated that the preferred
probabilistic model for the central pressure difference could be site dependent.
2) The estimated wind hazards for nine cities are relatively insensitive to the size of the
sub-region considered, but are affected by the adopted probability distribution model
for p. The estimated wind hazard for Shanghai and Hong Kong is comparable to
those based on surface wind observations. The code recommended return period
values for several cities are lower than those obtained in this study by up to 8%. The
large differences are for Ningbo and Wenzhou.
3) The spatially statistical characterizations of the key TC parameters are explored. The
annual occurrence rate of TC for a considered circular region, is spatially varying, and
decreases as the circle moves towards inland. The mean value of the heading
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decreases from east to southwest; the standard deviation of the heading is relatively
consistent as compared to the mean. The translation velocity tends to increase as the
TC moves towards inland or from south to north. For modeling p, there are clearly
identified zones where the lognormal (or the Weibull) distribution is preferred.
4) Contour maps for typhoon wind hazard are developed by using CSM combined with
the PBL wind field model. The developed contour map for v50 is compared to that
given in the design code. Regions outlined by contour lines ranging from 31 to 38 m/s
in the developed contour map are comparable in size and shape to those in the contour
map given by the design code; but regions outlined by contour lines ranging from 22
to 28 m/s in the developed contour map are located further inland compared to those in
the contour map given in the design code. Sensitivity analysis shows that vT (T = 50or 100-year return period) is not very sensitive to the radius of the circular. The
consideration of spatially varying filling-rate model or the approximate model shown
in Eq. (4.4) alters v100 by less than 6%; the use of lognormal or Weibull distribution to
model p when using the CSM affect the estimated v100 by up to 12%.
5) An empirical full track model is developed to probabilistically predict the TC tracks
from the genesis to lysis for western North Pacific basin. The spatially varying model
coefficients are determined through regression analysis. Statistics of the key TC
parameters estimated from the simulated tracks at kilometer posts compare favorably
to those obtained from the historical tracks. The simulated tracks are used together
with the PBL wind field model to estimate the typhoon wind hazard. The estimated vT
compare well with those available in the literature or estimated based on the surface
wind observations. The typhoon wind hazard maps for the coastal region assessed
using the full track approach are presented and compared with those obtained based on
the CSM. For sites that are overland and within 250 km from the coastline, the
absolute relative difference between vT estimated by full track model and by the CSM
with best fitted distribution for p is about 4.8% for T = 50- and 100-year.
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6.2 Recommendations for future work
1) Exploration of the use of the less approximated wind field, such as that given in
Kepert and Wang (2001), to assess the typhoon wind hazards could be valuable. For
such an exploration, efforts need to be made to parameterize the key parameters (e.g.
mixing length and CD) or derive the empirical models for the core input (gradient
pressure field, if the Holland pressure field is to be used, and the parameter B and Rmax
may need to be derived for WNP specifically when observation is available) used to
define the wind field.
2) More environmental input such as the wind shear may be valuable to be considered in
the TC full track model in order to enhance the physical basis of the full track
modeling.
3) Ocean current model may need to be included in the full track modeling process to
better take into account the effect of warm eddies on the intensification of the TC.
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Appendix
Appendix A: Solution steps for the PBL wind field model
The momentum equation shown in Eq. (2.1) is solved iteratively by using the finite
difference method. The basic steps for solving Eq. (2.1) are:
1) For given central pressure difference and location of the TC center, estimate Rmax and
B by using Eq. (3.5) and Eq. (3.6), respectively, and calculate the pressure gradient
field using Eq.(2.9).
2) Calculate the initial wind field by solving the gradient wind field model defined in Eq.
(1.1).
3) Solving the outmost boundary condition by using Eq. (2.1) and neglecting the
acceleration and the horizontal diffusion.
4) Solving Eq. (2.1) iteratively using the finite difference method.
Note that for the solution five concentric nested grids are used. The grid point spacing
for the five nests is 5×103, 10×103, 20×103, 40×103 and 80×103 m, respectively. The
entire grid domain covers about 1600 km2. Since the solution to the wind field is with
respect to the TC center, the calculated wind field needs to include (or add) the
translation velocity of the TC.
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